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Characterisation of Molecular Materials for Electronic Devices
Justin Shepherd
C haracterisation o f  th in  film s o f  conjugated oligom ers deposited  by  therm al 
evaporation and pulsed laser ablation has been carried out through m easurem ents o f  the 
optical absorption, dark conductiv ity  and photoconductiv ity  o f  sam ples w ith  coplanar 
and sandw ich geom etries. The dark conductivity  w as m easured as a function o f  field 
and tem perature. The photoconductiv ity  w as m easured w ith  steady state optical 
excitation, and transient excitation as a function o f  tem perature, field, excitation 
in tensity  and excitation energy. It w as found that in  m ost experim ents all o ligom ers 
y ielded sim ilar results, suggesting that the specific chem ical structure o f  the oligom ers 
is relatively  unim portant in  determ ining the electrical properties o f  the th in  films.
Experim ental results have been interpreted using com puter sim ulation 
techniques and current transport m odels for organic sem iconductors. It is found that the 
m ultip le  trapping and disorder lim ited hopping m odels are no t applicable to these 
m aterials; and a trap-controlled hopping m echanism  is suggested as appropriate.
A n apparent density  o f  states for the oligom ers has been obtained using the 
transient photocurrent (TPC) decays and a m ultip le trapping analysis. Q ualitatively, the 
TPC  decays are o f  a form  that suggest a flat density  o f  states at h igh  energies w ith  an 
exponential at deeper energies. The DOS w as also determ ined quantitatively  using a 
Fourier transform  (FT) technique. This resulted in a density  o f  states sim ilar to that 
p red icted  qualitatively. T ransport in such a density  o f  states is suggested to occur by 
carriers directly  “hopping dow n” in the flat region o f  the D O S, follow ed by  trap- 
controlled  hopping in the exponential region.
The valid ity  o f  the Fourier transform  technique in system s no t exhibiting 
m ultip le trapping is discussed and evaluated using com puter sim ulation. It is concluded 
that the FT  technique m ust be valid  for trap-controlled hopping. Thus the form  o f  the 
obtained D O S for the oligom ers is correct, although the m agnitude and energy scale can 
not be considered to be accurate, in  either the “hopping dow n” regim e or the trap- 
controlled  hopping regim e. A n attem pt to escape frequency o f  approxim ately  108 s '1 is 
p redicted  by  fitting DOS plots at different tem peratures.
M easurem ents o f  the effect o f  oxygen absorption and the slow  relaxation  o f  the 
steady state photocurrent have also been perform ed, as these effects are found to be 
characteristic o f  the oligom ers. O xygen absorption appears to lead to carrier generation 
and w as found to be m ore im portant in sandw ich sam ples. This is attributed to oxygen 
absorption at the electrode-oligom er interface leading to  carrier injection. The slow  
relaxation  o f  the steady state photocurrent could no t be  explained using previously  
developed m odels. It is tentatively  suggested that the effect m ay be due to very  deep 
trapping o f  holes.
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1. Introduction to organic solids
1.1 Historical Perspective
The electronic properties o f  organic solids have been studied for alm ost one 
hundred years. Photoconductiv ity  in  an organic solid w as first observed in  crystalline 
anthracene in  1906 (see Inokuchi and M aruyam a, 1978, for a review ). H ow ever, after 
this finding relatively  little w ork  w as perform ed on m olecular crystals until in terest was 
renew ed in  the 1950s follow ing the w ork on “organic sem iconductors” by  Inokuchi 
(1954), and the im portant m easurem ents o f  carrier drift m obility  in  crystalline 
anthracene b y  LeB lanc (1960) and K epler (1960). M uch w ork has been  carried out on 
m olecular crystals since these early pioneering studies and charge generation and 
transport are now  quite w ell understood in  such m aterials.
The understanding o f  the electronic properties o f  organic solids can be 
contrasted w ith  that o f  the inorganic sem iconductors. A fter the developm ent o f 
adequate theories to explain the electronic properties o f  crystalline inorganic 
sem iconductors m any w orkers becam e interested in  non-crystalline or am orphous 
m aterials, e.g. chalcogenides and am orphous silicon (a-Si). A m orphous m aterials, as 
well as being  interesting on a purely scientific basis, w ere soon found to display some 
inherent advantages over their crystalline counterparts w hen used in device applications. 
A  m ajor advantage is the ease w ith  w hich m any am orphous m aterials can be deposited 
over large areas by, for exam ple, spin coating or therm al evaporation. This has resulted 
in vigorous research into the use o f  am orphous m aterials for applications such as solar 
cells w ere large area deposition is essential.
A  sim ilar transition  from  crystalline to am orphous has occurred w ith  organic 
m aterials, a lthough progress has lagged behind in this case due to the inapplicability  o f  
standard band  theory  to m any m olecular crystals. A dvancem ent in this field has perhaps 
also been im peded due to a  lack o f  appropriate applications for such m aterials; they 
definitely cannot com pete w ith  their corresponding inorganic counterparts for m ost 
device applications. A t the present tim e organic m aterials have found large scale 
com m ercial application in  relatively  few  areas, the m ost notable being  photoconductors 
for electrophotography and laser printers, and liquid crystals for displays.
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In-depth  experim ental studies o f  disordered and am orphous organic solids began 
in  the late 1960s. M ost in terest w as in polym eric m aterials, a lthough am orphous and 
polycrystalline form s o f  w ell studied m olecular crystals (for exam ple tetracene, 
pentacene etc.) w ere also investigated (M aruyam a and B assler, 1981). O ver the last 
tw enty  years or so interest in organic m aterials has centred around tw o m ain  classes o f  
m aterials; the so-called conducting polym ers, and m olecularly  doped polym ers (M DPs) 
w hich are solid  solutions o f  active transport m olecules in an inert po lym er binder.
In terest in the pi-conjugated, conducting polym ers, such as poly(acetylene), was 
m ainly  due to the d iscovery in  1977 that they could  be “doped” to h igh levels o f  
conductiv ity  (C hiang et al ., 1977). Since this finding a great deal o f  effort has gone into 
the c larification o f  the transport properties and photoexcitations o f  such m aterials in the 
doped and undoped form. Polyacetylene can now  be  doped to exhibit conductivities o f  
the order o f  that o f  copper (H eeger, 1993), and doped conjugated polym ers in general 
are now  em ployed in a range o f  m ostly  low -tech applications, e.g. corrosion 
preventative, antistatic and conductive coatings; capacitor electrolytes and rechargeable 
batteries and electrodes, to nam e but a few.
The interest in m olecularly  doped polym ers is due m ainly  to their application in 
large area electrophotographic receptors. H ow ever, from  a scientific view point, they are 
also ideal system s for investigating hopping transport. Several different transport 
m odels have been developed to explain the tem perature, field and concentration 
dependence o f  the m obility  in such system s. The behaviour o f  the m obility  is found to 
be com m on to M D Ps w ith  diverse transport species, and is also observed in sigm a and 
pi conjugated polym ers. Tw o m ain  theories have em erged w hich attem pt to explain 
charge transport in such m aterials, these are the d isorder lim ited hopping theory and 
polaron theory. It has becom e evident in  recent years that w hile  the d isorder lim ited 
hopping theory  provides a m ore convincing fit to the experim ental data, the form ation 
o f  polarons cannot be neglected. These transport m odels w ill be d iscussed in detail in §
4.4.
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1.2 Recent Advances
In the 1990s applications for conjugated polym ers, and m ore recently  conjugated 
oligom ers, have begun to show  great prom ise for the future. The tw o m ost w idely 
investigated applications are organic light em itting diodes (O LED s), and field effect 
transistors (FETs).
C onjugated polym er electrolum inescence w as first observed in 
poly(phenylenevinylene) (PPV ) by B urroughs et a l  in 1990 using  a sim ple charge 
injection device structure (B urroughs et a l ., 1990). Since th is in itial discovery rapid 
im provem ents in electrolum inescence efficiency have occurred through the use o f  
heterostructure devices and im proved m aterials, although these are still generally PPV  
based. O LED s are now  available w hich em it colours throughout the  visib le spectrum . 
D ifferent colours are achievable by  changing the polym er band  gap w hich can be 
controlled by  chem ical m odification o f  the polym er backbone. D evices have also been 
developed w hich em it polarised light (H agler et a l , 1991). A t the  present tim e the 
efficiency o f  O LED  devices is com parable to that o f  com m ercial LED s, and several 
specialised com panies have been set up to exploit this new  technology, e.g. Uniax, 
C am bridge D isplay Technologly.
B urroughs et a l  (1988) also in itiated  interest in field effect transistors w ith 
active organic layers. They fabricated a m etal-insulator-sem iconductor field effect 
transistor (M ISFET) using poly(acetylene), and used this device to investigate the 
nature o f  the charge carriers in the polym er. This initial w ork  w as built upon by 
H orow itz et a l  (1990) w ho have used  oligom ers o f  th iophene as the active 
sem iconducting layer, after finding that po ly  (thiophene) exhibited a very  low  field effect 
m obility. U sing a-sex ith iophene they have dem onstrated field effect m obilities in the 
range 0.1-1 cm 2 V '1 s '1 by  optim ising the M ISFET structure and the purity  o f  the 
oligom er th in  film. F ield  effect m obilities o f  this m agnitude are com parable w ith those 
exhibited b y  sim ilar a-Si:H  devices. It is hoped that eventually organic LED s and FETs 
w ill be developed to such a level that they  can be  used in “all o rganic” large area flat 
panel displays. The advantages such displays w ould  have over com peting technology, 
such as field em ission o r liquid crystal displays, are the freedom  o f  design, flexibility 
and low  cost o f  plastics.
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1.3 Work carried out in this study
The prim ary  purpose o f  this w ork  w as to obtain a range o f  inform ation on the 
electronic properties o f  thin film s o f  oligom eric m aterials. Specifically, w e were 
interested in  issues such as the charge transport m echanism , the form  o f  the density  o f  
states and the nature o f  the charge carriers and their generation. Four oligom ers were 
chosen for investigation. Three o f  these w ere oligom ers o f  poly(thienylenevinylene) 
w ith  slightly  d ifferent chem ical groups attached to the  oligom er backbone. It w as 
anticipated that characterisation o f  these m aterials w ould  lead to inform ation on the 
effects o f  different substituents on the electronic properties o f  the oligom er. T he other 
oligom er chosen for study w as pentacene, w hich is an arom atic hydrocarbon consisting 
o f  five linearly  bonded benzene rings. Pentacene w as chosen because it has been  w ell 
studied in  its crystalline and am orphous form  by  other w orkers, and is w idely available 
(see § 5.1 for chem ical structures).
The field o f  electronically-active organic m aterials is a  very w ide-ranging one, 
and as a consequence o f  this charge transport is only w ell understood in a sm all num ber 
o f  system s, e.g. m olecularly  doped polym ers. The charge transport m echanism  in 
oligom eric m aterials has not been studied in detail and thus in itially  w e w ere presented 
w ith  m aterials about w hich w e knew  very  little. D ue to this lack o f  solid experim ental 
inform ation on the chosen oligom ers it w as decided that a  w ide ranging characterisation 
o f  the electronic behaviour w as necessary. This inform ation w as obtained by  studying 
therm ally evaporated and laser ablated th in  films o f  the oligom ers, in  coplanar and 
sandw ich geom etry, using a range o f  steady state and transient photoconductiv ity  
techniques. The dark current w as also exam ined as a function o f  field and tem perature. 
C om puter sim ulations w ere used to aid in the analysis o f  the experim ental results.
The m ain  objectives pursued in  the  course o f  this w ork w ere :
• Experim ental investigation o f  electronic conduction processes in a range o f  organic 
th in  film s as a function o f  chem ical structure, preparation and sam ple geom etry.
• A ssessm ent o f  proposed m odels o f  electronic conduction in such m aterials, by 
analytical m ethods and com puter m odelling.
•  A ssessm ent o f  the potential o f  such m aterials for device applications.
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2. Molecular crystals
2.1 Electronic structure
A n ideal crystal is defined as a substance consisting o f  atom s or m olecules 
arranged in  a pattern  that repeats periodically  in three dim ensions to infin ite  extent. An 
equivalent w ay o f  stating this is to say that crystals possess long range order. The 
existence o f  long range order in a m aterial also m eans that short range order w ill be 
present, w hich  m eans that for any atom  or m olecule the im m ediate surroundings, such 
as the num ber o f  nearest neighbours and their distances are identical for any arbitrary 
lattice position. Therefore the existence o f  long range order in  a m aterial im plies the 
existence o f  short range order and therefore crystallinity; how ever a m aterial m ay 
possess short range order w ithout having long range order. In reality  ideal crystals do 
not exist as all real sam ples have boundaries w here periodicity  m ust end, and they also 
contain a certain  num ber o f  unavoidable defects.
M olecular crystals are periodic arrangem ents o f  covalently  bonded m olecules 
held together by  relatively  w eak van der W aals bonds. This distinguishes them  from 
inorganic crystals such as c-Si w hich consist o f  silicon atom s held together by  covalent 
bonds. The covalent bonding in inorganic crystals leads to relatively w ide bands (B ~ 5- 
10 eV, w here B is the bandw idth) due to strong overlap o f  w avefunctions on 
neighbouring atom s. H ow ever, the inter-m olecular bonds in m olecular solids are m uch 
w eaker than the covalent bonds w hich hold the constituent m olecules together, and this 
leads to very  narrow  energy bands, B ~  kBT. The narrow  bands in  turn  cause the carrier 
effective m ass to becom e large, decreasing the m obility  and hence the carrier m ean free 
path  (for exam ple, a bandw idth  o f  0.01 eV  leads to an effective m ass o f  about 400 tim es 
m e) The low  m obilities and m ean free paths observed in  m olecular crystals have cast 
doubt on the valid ity  o f  applying band theory to these m aterials, how ever it has been 
used successfully  to m ake predictions o f  charge carrier m obilities (G utm ann and Lyons,
1981). In this section w e w ill assum e coherent band transport and investigate the effects 
o f  d isorder on the band structure.
5
2.2 Effects of disorder
A s the am ount o f  disorder in  a crystalline solid is increased the am ount o f  
scattering also increases due to m ore and m ore atom s or m olecules being  displaced from 
their periodic positions. The crystal is said to have lost its long range order, although it 
m ay retain short range order. As disorder and scattering increase the carrier m ean free 
path, L  decreases, and i f  the disorder is strong enough the uncertain ty  Ak in the w ave 
vector, k  m ay becom e com parable w ith  the m agnitude o f  k, i.e. Ak/k ~  1 so that k is no 
longer a  valid  quantum  num ber. A s Ak/k approaches unity  the m ean free path  decreases 
until it reaches the lim iting condition, L ~  a (the Ioffe-R egel lim it), w here a is the lattice 
constant. A t this po in t the carrier w avefunction loses phase coherence on m oving from 
site to site, and consequently  coherent band transport m ust be abandoned. The non­
valid ity  o f  band theory  m eans that the fam iliar concepts used to describe crystalline 
sem iconductors are no longer applicable to disordered solids, for exam ple bands can no
longer be explained w ith  8-k diagram s, B rillouin  zones no longer exist; and other 
concepts such as carrier effective m ass are inappropriate for am orphous m aterials. 
H ow ever, d isorder has only a sm all (but im portant) effect on  the density  o f  states 
d istribution and this is therefore conserved in the am orphous state. I f  disorder is 
increased beyond the Ioffe-Regel lim it the carrier w avefunctions can becom e spatially 
isolated or “ localised” . Localised states are characteristic o f  am orphous m aterials and 
are largely responsible for their charge transport properties.
2.2.1 Anderson localisation
The first paper to provide a m odel for localisation w as that o f  A nderson 
(A nderson, 1958). The m odel is based on the tight-binding approxim ation w hich is 
applicable to w eakly overlapping w avefunctions (see M ott and D avis, 1979). It 
investigates the effects o f  increasing energetic (diagonal) disorder on an in itially  perfect 
crystalline lattice, (the m odel does not deal w ith  spatial (off-diagonal) disorder). The 
ideal crystal is represented by  an array o f  potential w ells o f  equal depth.
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8 a e
(C 3 )
t
B
g(e)
F i g .  2 . 1  ( a )  P o t e n t i a l  w e l l s  f o r  a n  i d e a l  c r y s t a l  ( b )  P o t e n t i a l s  w e l l s  w i t h  f l u c t u a t i o n s  d u e  t o  d i s o r d e r .  T h e
D O S  is  a l s o  s h o w n .
Increasing disorder is sim ulated by  allow ing the w ell depth  to vary random ly by 
an am ount V 0. This has the effect o f  broadening the DOS as show n in  fig. 2.1.
The ratio  betw een the average site separation and the m ean free path  can be 
given by,
a
T \ 8 n ) '
K
B
2
w here the bandw idth, B is related to the overlap integral, J  by,
(2.1)
B  =  2 zJ  (2.2)
and z is the co-ordination num ber. It can be seen that an increase in V 0 leads to a 
decrease in L, and at the Ioffe-Regel lim it w e obtain,
B ~
0.6 (for z = 6) (2.3)
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The transition  from  delocalised to localised states (A nderson localisation) occurs w hen 
V q/B  attains a critical value o f  ~2. A fter A nderson localisation has occurred the average 
conductivity  < a >  at T  =  0 K  becom es zero because the states are too w idely  spaced 
energetically  for tunnelling to occur w ithout therm al assistance.
2.2.2 Anderson localisation in wide band semiconductors
It w as stated  in  § 2.2.1 that the A nderson m odel applies to narrow , tigh t binding 
bands. W hen it is applied to inorganic sem iconductors w ith  w ide bands, such as silicon, 
the d isorder po tential V 0 m ust be very  large to cause localisation o f  the entire band. In 
m aterials such as this it is generally found that the critical value V /B  for com plete 
localisation o f  the band is not attained, consequently  only part o f  the band  becom es 
localised, fig. 2.2. I f  V 0 is constant throughout the band  the critical value for 
localisation depends on the overlap, J. Thus w here the D O S, and therefore J is small, 
(as at the extrem ities o f  the band in fig. 2.2), localisation w ill occur, w hereas the rest o f  
the band  w ill rem ain  delocalised. In a-Si these regions o f  localised states are know n as 
band tails, and are separated from  the extended states by  a “m obility  edge” , so-called 
because the m obility  increases rapidly  in m oving from  localised to delocalised  states. 
The band tails in  a-Si have a profound effect on the carrier transport m echanism  (see §
4.1.).
2.2.3 Effects of disorder in narrow band molecular solids
A s outlined above, i f  coherent band transport is assum ed the A nderson m odel 
leads to com plete localisation o f  carriers in  the bands o f  m olecular crystals. A  further 
m odel seeking to incorporate the effects o f  disorder specifically in m olecular crystals, 
has been proposed by  Silinsh (Silinsh, 1970). This m odel describes the  effect o f  
random  fluctuations in  interm olecular separation on the distribution o f  site energies, (cf. 
the A nderson m odel w hich ignores off-diagonal disorder).
8
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F i g .  2 . 2  L o c a l i s e d  b a n d  t a i l s ,  e x t e n d e d  s ta te s  a n d  t h e  m o b i l i t y  e d g e  i n  a  w i d e  b a n d  a m o r p h o u s
s e m i c o n d u c t o r .
O f central im portance in this m odel is a quantity  know n as the  polarisation  energy (P), 
w hich is defined by the follow ing two equations,
w here Ic and A c are the crystalline ionisation energy and electron affinity  respectively; 
and Ig and A g are the values o f  these quantities in  the gas phase. P + and P ' are the 
polarisation energies o f  positive and negative excess charges inside the solid, 
respectively. The polarisation  energy is m ainly  caused by  electrostatic stabilisation o f  
photoinduced m olecular ions, due to fast electric polarisation o f  surrounding m olecules 
in the solid. D ue to the narrow ness o f  the bands in  m olecular solids, the values Ic and A c 
give, respectively, the position  o f  the valence and conduction bands in  the crystal
(2.4)
and
(2.5)
(fig-2-3).
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In  the po in t charge approxim ation the polarisation energy Pj o f  a charge located 
on a m olecule i is,
e 2a
p o l
t * J 2 r :
(2.6)
w here a pol is the polarisability  o f  the surrounding, neutral m olecules. F o r pentacene the 
polarisation energy P+ evaluates to ~  1.7 eV.
It can be seen above that the polarisation energy depends on the interm olecular 
separation, R^. I f  Ry varies by  a sm all am ount, AR^ then this should  result in relative 
fluctuations in the polarisation energy,
AP
p,
AR-.. V - i
(—! D
i * j  ‘j
(2.7)
I f  the fluctuations in distance are random  then the distribution function for the 
polarisation energy is predicted to be a gaussian, w hose w idth  is g iven by  the rm s 
standard deviation o f  P,
j!_
2
(2 .8)
or
° s = 4P( t )  (2-9)
w here <AR/R> is the average fluctuation o f  the interm olecular distance. For a 
bandw idth  o f  0.01 eV and a polarisation energy o f  1.5 eV, crg exceeds the w idth  o f  the 
transport bands in  the crystal i f  <AR/R> >  10'3. Thus the overall effect o f  d isorder is to 
split the valence and conduction bands into gaussian distributions o f  localised states 
centered around the band  energies in the crystal, i.e.
crg =< AP  >=  4 P
f  \ 2\ '
'  AR ?
\ i * j  “ ij 7
10
g(€)d£ = S lo t (2. 10)
f- e l '
A w
ds
where gtot is the total density o f states, which equals the molecular density (Bassler, 
1 9 8 1 ) .
gas phase crystal amorphous solid 
-------------------------------------------------------------►
Fig.2.3 Energy level spectrum of ionic states in molecular solids.
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3. Disordered organic solids
In  this w ork  w e w ill be  concerned w ith  disordered, organic, m olecular solids, 
and thus w hen w e discuss “organic solids” w e w ill assum e that they  are m olecular and 
disordered. I f  w e are referring to crystalline or non-m olecular solids this w ill be 
specifically stated in  the text. D iscussion o f  the properties o f  inorganic sem iconductors 
and m olecular crystals w ill also be included w hen necessary or appropriate.
The field o f  organic solids is a  very  varied one, ranging from  solids consisting o f  
sm all m olecules, through polym ers, to system s containing m ore than  one type o f  
m olecule; or m olecules dissolved in an inert binder. In the next section w e w ill discuss 
the so-called conjugated conducting polym ers. These have generated  a lot o f  research 
interest since it w as discovered in  1977 that they could be chem ically  “doped” to give 
very high  values o f  conductivity  (C hiang et al., 1977), e.g. fo r stretch-aligned 
poly(acetylene) approaching that o f  copper. A lthough w e do no t explicitly  look at 
polym ers in this w ork the theory developed provides a basis for understanding the 
electrical p roperties o f  oligom ers, and introduces som e novel concepts, such as solitons 
and polarons. W e w ill not discuss chem ical doping o f  conjugated polym ers in this 
work.
F inally  in  this chapter w e w ill b riefly  discuss som e other types o f  m olecular 
m aterials that have been studied.
3.1 Conjugated conducting polymers
Polym ers are long-chain, quasi one-dim ensional m olecules w hich  are form ed 
from  sm aller m olecular units know n as monomers , so for exam ple poly(ethylene) (PE) 
is form ed from  a very  large num ber (n) o f  ethylene m olecules (fig. 3.1). N ote that the 
polym erisation o f  double-bonded ethylene results in a  po lym er w h ich  is only sigm a 
bonded.
n H2C-CH2 -------------► CH2— CH2
z n
F i g .  3 . 1  A d d i t i o n  p o l y m e r i s a t i o n  o f  e t h y l e n e  t o  f o r m  p o l y  ( e t h y l e n e ) .
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The sim plest conjugated polym er is poly(acetylene) (PA) w hich is form ed from  triple- 
bonded acetylene. O ur discussions in  this section w ill be m ain ly  based on the trans 
isom er o f  th is m aterial. T rans Poly(acetylene) can be p ictured as deriving from  
poly(ethylene) (fig. 3.2 (a)). I f  w e rem ove one hydrogen atom  per carbon from  PE w e 
are left w ith  one pi electron on each m onom er (fig. 3.2 (b)). These pi electrons are now  
free to form  pi bonds and this results in  the bond alternated (dim erised) PA  chain (fig.
3.2 (c)).
H H H H H
—  c — c —  c —  c —  c —  (a)
I I I I I
H H H H H
poly(ethylene)
H H
—  c —  c — c— c —  c —  (b)| • | • |
H H H
H H
I I
—  c = c — c = c  —  c =  (a)
I I I
H H H
poly(acetylene)
F i g .  3 . 2  S c h e m a t i c  d i a g r a m  s h o w i n g  h o w  p o l y ( a c e t y l e n e )  c a n  b e  f o r m e d  f r o m  p o l y ( e t h y l e n e )  b y
r e m o v i n g  o n e  h y d r o g e n  a t o m  p e r  c a r b o n .
Poly(acetylene) w as first produced in 1956 and w as found to be a black, 
sem icrystalline, intractable pow der (N atta et al. , 1956). It w as also show n to be 
sem iconducting, no t m etallic as had been  assum ed due to energy gap narrow ing w ith 
increasing degree o f  conjugation (fig. 3.3). Subsequent im proved syntheses produced a 
m ore tractable form  o f  poly(acetylene), bu t it w as still found to be a sem iconductor (Ito, 
Shirakaw a and Ikeda. 1974), w ith  a band gap o f  ~1 .4  eV. Tw o theoretical approaches
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can be taken to explain the form ation o f  a  gap, w ith  either electron-phonon interaction 
or electron correlation as the dom inant m echanism .
I f  the gap is the result o f  electron-phonon interaction P e ie rls’ argum ent can be 
used to explain w hy poly(acetylene) does not exhibit m etallic properties. I f  all the 
carbon atom s are equally spaced w ith  distance a, the first B rillou in  zone is defined by - 
7i/a <  k <  7i/a. W ith  one electron per carbon atom  as in  PA  the band  w ould  be h a lf  filled 
and the chain  w ould  be m etallic. H ow ever, a periodic distortion o f  the  chain  w ill reduce 
the B rillou in  zone to -7i/(na) <  k  <  7i/(na), w here n  is the num ber o f  atom s in  the new  
unit cell.
Fig. 3.3 Variation of band gap with degree of polymerisation for poly(acetylene).
The effect o f  the distortion is to open up a gap at the B rillouin  zone boundaries, and i f  
only states below  the gap are occupied there is a reduction  in the to tal energy and thus 
the distorted state w ill be m ore favourable. This argum ent form s the basis o f  the  m odel 
o f  Su, Schrieffer and H eeger (SSH) (1979).
The lengths o f  the bonds in  PA  have been  m easured by  X -ray diffraction 
(V annoni and C larke, 1983) and N M R  techniques (F incher et a l ,  1982) and have been 
found to be 144 pm  (single) and 135 pm  (double) thus supporting electron-phonon 
interaction as the cause o f  the band gap.
The SSH  m odel neglects com pletely the coulom b repulsion for an electron that 
is transferred  to a site that is already occupied, these are taken into account sim ply by
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adjusting the param eters o f  the H am iltonian. In  the sim ple H ubbard m odel, this electron 
correlation is taken into account bu t electron-phonon interaction is assum ed to be 
neglig ible (H ubbard, 1963). This m odel also y ields a gap in the  absence o f  the Peierls 
distortion (see K iess, 1992, for a com parison o f  SSH and H ubbard theory). In general it 
is the  SSH  m odel w hich  is m ore w idely  applied to conjugated polym ers because 
electron-phonon in teraction is believed to be fundam ental to transport in  these m aterials. 
W e shall discuss som e o f  the  predictions o f  th is m odel below . It should  be  noted that 
the above m odels are based on perfect PA  chains and do not take disorder into account. 
Increased disorder w ill have a profound effect on  these quasi 1-D polym ers.
3.1.1 Charge carriers in conjugated polymers
The SSH  m odel assum es that charge carrier generation occurs v ia a direct band- 
to-band transition. H ow ever excitation across the gap does n o t produce free electrons 
and holes at the band edges as in inorganic sem iconductors. The physical reason for this 
is associated w ith  strong electron-phonon interaction, and thus charge carriers are 
strongly coupled to the polym er backbone. The nature o f  the charge carriers in 
conjugated polym ers depends on the degeneracy o f  the ground state. Trans 
poly(acetylene) is one o f  on ly  a few  conjugated polym ers w ith a degenerate ground state
i.e. bo th  possible form s o f  PA , form ed by  interchanging the double and single bonds, 
have the sam e energy. In  contrast i f  the double and single bonds are sw apped in poly(p- 
phenylene), PPP or cis poly(acetylene) w e obtain  a structure o f  h igher energy; these 
polym ers have non-degenerate ground states. F or exam ple, in PPP the quinoid  (Q) form 
has a  h igher energy than the benzenoid (A) form  (fig. 3.4).
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Fig. 3.4 Ground state energy as a function of the configuration co-ordinate (A) for a system with a 
degenerate ground state (a) and a single ground state (b).
Su and Schrieffer have perform ed a num erical integration o f  the  SSH H am iltonian to 
investigate the response o f  a  trans-PA  chain to the creation o f  an electron-hole pair (Su 
and Schrieffer, 1980). They found that the system  relaxes in a  tim e o f  the order o f  10 '13 
s yield ing spinless charged solitons either S + -  S~ or S~ -  S +. In PA  a soliton  can be 
schem atically  represented as in  fig. 3.5 it can be seen that the soliton separates 
degenerate ground state structures. Fig. 3.5 show s a soliton localised on one carbon 
atom , but in reality  the transition  betw een the two different phases and thus the soliton 
is spread out over several carbon atom s. In the electronic level spectrum  o f  the chain 
the tw o soliton states lie at m id-gap. In trans-PA  the quantum  efficiency for free carrier 
(charged soliton) generation is low  due to fast gem inate recom bination.
In non-degenerate polym ers photoexcitation leads to a bound soliton-antisoliton 
pair. The S -  S  pair is bound because it is too energetically  costly  to have a large 
segm ent o f  the h igh  energy isom er (e.g . the quinoid form  o f  PPV ) betw een the two 
charged solitons. Instead, the pair reaches an equilibrium  separation determ ined by  the 
energy difference betw een the tw o degenerate form s: a large difference leads to strong 
confinem ent. In this case the energy levels are only  slightly  displaced from  the band 
edges.
16
©Fig. 3.5 Schematic structures showing (a) positive and (b) negative solitons. Part (c) shows the 
energy levels and possible charge states for solitons.
It is important to note that the bound S  -  S  pair cannot be termed a soliton 
exciton because the binding is due to electron-phonon coupling in one dimension and 
not coulombic forces. In cis-PA the lifetime o f  the bound solitons is expected to be less 
than 10'7 s. Thus charge carrier generation on a single chain is unique to degenerate 
ground state structures, such as trans-PA.
Su and Schrieffer also investigated the effect o f adding a single electron or hole 
to a neutral trans-PA chain. This situation describes what happens when excitation 
produces an electron-hole pair on different chains. They found that positive and 
negative polarons (P+ and P') situated on different chains are formed in this case. In PA 
polarons can be thought o f as a bound charged and neutral soliton.
For example, the negative polaron, formed on the chain the electron is 
transferred to, can be thought o f as a bound negative and neutral soliton. In this case 
they are bound because the state that breaks away from the valence band is doubly 
occupied compared to the conduction band state which is singly occupied. Thus as the 
distortion proceeds the overall energy will rise. In trans-PA polarons are inherently 
unstable quasi-particles; if  two polarons m eet (say a pair o f P's) they will decay to form 
a S~ -  S~ pair.
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(a)
Fig.3.6 Schematic structures showing (a) negative and (b) positive polarons in poly(phenylene), PPP and 
poly(thiophene), PT respectively. Part (c) shows polaron charge states and energy levels in the gap.
(a)
— ©  f t ©
— ©  o
(c)
Fig. 3.7 Schematic structures depicting (a) negative and (b) positive bipolarons in PPP and PT 
respectively. Part (c) shows bipolaron charge states and energy levels in the gap.
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In non-degenerate polym ers polarons are the only stable charged excitations (fig 
3.6). A  final type o f  quasi particle that can be form ed is know n as the bipolaron. 
B ipolarons are form ed in non-degenerate polym ers from  tw o sim ilarly  charged 
polarons, i.e. P + + P + ->  B P2+ o r P ' +  P ' - »  B P 2‘ and thus w ill be  present w hen the 
polaron density  is h igh  (fig. 3.7).
3.2 MDPs and other organic photoconductors
The conjugated polym ers discussed in § 3.1 can be considered as a sub-group o f  
the fam ily o f  photoconductive, organic solids in  general. The range o f  m aterials in this 
field can be roughly  divided into four groups:
1. So lid  so lu tio n s  o f  active m olecules in  an  in e r t  po lym er. T hese are the so-called 
m olecularly  doped polym ers or M D Ps o f  the  section heading. W e can consider the 
lim iting extension o f  these m aterials as a solid  consisting o f  pure  active m olecules; 
w hich are the  m aterials studied in this w ork. M D Ps are perhaps the m ost w idely 
studied o f  all the m aterials m entioned here after the conjugated polym ers. This is 
due to the fact that the interm olecular separation can be contro lled  by  varying the 
concentration o f  the active m olecule, and thus the effect o f  the  interm olecular 
separation on carrier transport can be assessed. T ransport in  M D Ps occurs by 
hopping betw een the active m olecules, they are thus ideal system s for studying 
hopping transport, because the com bined effects o f  tem perature, field and 
interm olecular separation can be studied (M ort and Pfister, 1982). M D Ps are now  
com m only used  as the charge transport layer in m ulti-layer electrophotographic 
receptors.
2. P o lym ers  w ith  active  side g roups. The archetypal exam ple o f  this group o f  
m aterials is poly(vinylcarbazole). In  these polym ers the cr-bonded po lym er backbone 
is electrically  inactive, and transport proceeds by  therm ally  activated hopping 
betw een the active carbazole pendant groups (G ill, 1972).
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3. P o ly m ers  w ith  active g ro u p s  in  th e  cha in . In polym ers such as these transport w ill 
proceed by  a sim ilar process as in 2 above i.e. carriers w ill hop betw een the active 
groups incorporated into the chain.
4. P o lym ers  w ith  a  t r a n s p o r t  active chain . This group contains the conjugated 
polym ers d iscussed in § 3.1. B and transport occurs in  these polym ers, how ever 
hopping transport can dom inate i f  the m aterial becom es sufficiently  disordered, inter- 
and intrachai'n hopping then occurs betw een conjugated segem ents o f  the chain 
(G ailberger and B assler, 1991). A lso contained in  th is group are transport active c -  
bonded polym ers such as aryl and alky substituted polysily lenes and polygerm ylenes. 
Carrier transport is believed to occur by  hopping betw een all trans dom ains o f  the 
chain (o f  length 15-30 repeat units) w hich are separated by  disordered sections, again 
inter- or in trachain  hops can occur (A bkow itz et al., 1990).
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4. Electrical properties of molecular materials
W e begin  this chapter w ith  a  discussion o f  basic electronic transport in a typical 
am orphous sem iconductor. Steady state and transient photoconductiv ity  are then 
review ed, and it is show n how  these techniques can be used to obtain  inform ation on the 
density  o f  states. W e conclude this chapter w ith a discussion o f  the m ain  m odels put 
forw ard to explain  charge transport in organic sem iconductors.
4.1 Electronic transport in amorphous semiconductors
In  this section w e w ill discuss electrical transport in a hypothetical am orphous 
sem iconductor w ith  a schem atic density  o f  states d istribution as show n in fig. 4.1. The 
concepts laid out here are quite general and, depending on the nature o f  the electronic 
states, should be applicable to am orphous m olecular solids, (N ote that this DOS 
distribution is assum ed to consists o f  both extended and localised states, w hich m ight 
not exist sim ultaneously  in disordered m olecular solids).
The electrical conductiv ity  cr o f  an electronic m aterial is determ ined by the 
num ber o f  free carriers at a particular energy n(e), and their m obility  p (s). F or an 
arbitrary D O S distribution the num ber o f  carriers per unit energy is g iven b y  the product 
o f  the density  o f  states g(s), and the Ferm i-D irac occupation function f(s). Thus in the 
dark the to tal conductivity  can be w ritten  as
00
a =  e l  g ( s ) n ( e ) f ( s ) d s  (4.1)
0
w here
m  =
1 + exp
s - s f
(4.2)
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The m agnitude o f  the m obility  is determ ined by  the specific conduction m echanism  
operating at a certain energy. There are tw o m ain  conduction m echanism s w hich are 
generally  observed in am orphous m aterials and these are discussed below .
4.1.1 Extended state conduction
Extended state conduction occurs for electrons at energies above ec , and for 
holes below  s v. In these regions the electron m ean free path is com parable to the inter­
atom ic distance, and consequently  transport cannot be assum ed to be band  m otion w ith 
occasional scattering. Instead extended state conduction is p ic tured  as diffusive 
(Brow nian) m otion occurring w ithout therm al activation, w ith  a m obility  given by
(  2 Aea
K6kBT;
(4.3)
w here vel is the electron hop frequency and a is the average inter-atom ic separation.
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A t high  tem peratures the conductivity  is dom inated b y  carriers therm ally 
activated to extended states above ec o r below  ev. U nder these conditions the 
conductiv ity  can be w ritten
w ith
cr = <j 0 exp
( gc £f )  o
k j
(4.4)
C0 = ^ c ) k BTl c^ eXP
f s \
(4.5)
w here exp(6/kB) accounts for band gap reduction w ith  increasing tem perature and s 0 is 
the bad  gap at T  =  0 K , (sc - s f =  e0 - 8.T). Thus a graph o f  In c  vs. 1/T should be a 
straight line w ith  a slope o f  (sc - s f)0 and y-axis intercept o f  <r0.
4.1.2 Localised state conduction
C onduction through localised states such as band tails o r defect states requires 
therm al activation and occurs v ia interaction w ith  phonons. This phonon-assisted 
tunnelling process is know n as “hopping” and the resulting m obility  at energy et is given 
by
vph e x p ( - 2 a hcR , j ) e x p ( -W /  kBT) (4.6)
The m obility  for hopping transport in localised states is reduced from  that in 
extended states by  tw o term s, vph exp(-W /kBT) and exp(-2 a loc Ry). The first term  is the 
product o f  a phonon “attem pt to escape” frequency vph, and the probability  that an 
electron w ill gain an energy W , to hop to a nearby site. The la tter term  represents the 
overlap o f  the w avefiinctions on neighbouring sites, w here a loc is the inverse 
w avefunction decay length (see fig. 4.2).
Hh
eR:
T
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Localised States
F i g .  4 . 2  T h e r m a l l y  a c t i v a t e d  h o p p i n g  i n  l o c a l i s e d  s t a t e s
The m agnitude o f  the hopping m obility  is generally at least tw o orders o f  m agnitude 
less than that in extended states, and for this reason the energy at w hich localisation 
begins is know n as the “m obility  edge” (sc or ev). The conductiv ity  associated w ith 
hopping in  localised states at s t is
w ith
cth =  <r, exp
~(s,-sf)0+ W
kBT
= exp
(4.7)
(4.8)
It can be seen that the activation energy for hopping is reduced from  (sc - ef)0 to 
(s t - Sf)0 +  W . T his process o f  “band-tail hopping” at s t can becom e the dom inant 
transport m echanism  at low er tem peratures w here the num ber o f  carriers therm ally 
activated to extended states is reduced.
A t even low er tem peratures the occupation probability  o f  states at s t drops, 
resulting in  a sm aller contribution to the total conductivity  from  s t. U nder these 
conditions the dom inant conduction path  can sw itch from  band  tail hopping  at s t to 
nearest-neighbour (M iller-A braham s) hopping at the Ferm i level, w here the 
conductivity  can be  w ritten  in the form
<j=  <t2 exp
( - w ^
\ k BT )
(4.9)
24
w ith
= e g ( s f )n f  (4.10)
A t still low er tem peratures, due to the low  num ber o f  phonons present, it m ay becom e 
energetically favourable for the carriers to hop large distances to find a site close enough 
in energy (~ kBT) to the initial site. This m echanism  is know n as variable range hopping 
and is due to com petition  betw een the overlap and energy factors in  equation 4.6.
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4.2 Photoconductivity
W hen a photoconductive m aterial is kept under conditions o f  therm al 
equilibrium  (i.e. in  the dark at a fixed tem perature) free carriers are generated at a 
constant rate  G 0, w hich is identical to the rate at w hich they recom bine, R. This is due 
to the principle o f  detailed balance  w hich states that the forw ard and reverse directions 
o f  any process m ust balance at equilibrium . I f  the sam ple is then exposed to light o f  
photon energy greater than the band gap excess carriers w ill be produced at a rate AG. 
The photogeneration rate is determ ined by  the quantum  efficiency for carrier generation, 
r| (see § 4.2 .1) and the volum e photon absorption rate, given by  the product o f  the 
photon flux, F  and the absorption coefficient, a ,
AG =  r| ( a  F) (4.11)
I f  the illum ination is constant w ith  tim e a new  quasi-equilibrium  is set up, w here the 
steady-state photocurrent crpc, is the difference betw een the dark conductiv ity  crd and the 
total conductiv ity  under illum ination, cy, i.e.
° Pc = ° - ° d  (4-12)
or in o ther w ords the total conductivity  under illum ination is the sum  o f  the dark 
conductivity  and the photoconductiv ity  (see fig. 4.3).
A fter excitation carriers are free to take part in  electronic transport un til trapping 
or recom bination occurs.
In  th is section w e w ill exam ine som e general aspects o f  photoconductiv ity  in 
am orphous m aterials and assess their applicability  to organic photoconductors.
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Fig. 4.3 Thermal and optical generation, and recombination of carriers in an intrinsic semiconductor.
4.2.1 Excess carrier generation
In this section we will consider carrier generation as a result o f the absorption of 
light only, although other mechanisms are possible (e.g. carrier injection from 
electrodes). In general, the photocarrier generation in organic solids results from one or 
more of the following processes:
1) Processes involving the dissociation o f  excitons :
a) exciton dissociation at electrode/semiconductor interfaces;
b) exciton dissociation due to the interaction of excitons and trapped carriers;
c) autoionization processes;
d) exciton dissociation at impurity or defect sites.
2) Non-excitonic processes :
e) direct band-to-band transitions;
f) direct excitation of trapped carriers into the conduction or valence bands.
Processes (e) and (f) are illustrated in fig. 4.4 along with intraband excitation which 
does not produce free carriers (process g).
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4.2.2 Excitons
A n exciton is a coulom bically  bound electron-hole pair, and constitutes a  neutral 
excited state o f  a solid. Excitons can be considered as quasi particles and are able to 
m ove diffusively  through a m aterial and transport energy; they  do no t transport a net 
charge because they are electrically neutral. It is shown in  fig .4 .4  that process (e) 
produces an electron-hole pair w hen the photon  energy is greater than the band gap, i.e. 
hv  >  s g In  the form ation o f  excitons this threshold is low ered by  an am ount w hich 
represents the exciton b inding energy. Thus exciton form ation in  a solid  should result in 
the appearance o f  structure below  the band gap in the absorption spectrum , and this is 
indeed the case in  disordered and crystalline m olecular solids, although not in 
disordered inorganic sem iconductors.
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F i g .  4 . 4  P o s s i b l e  e l e c t r o n  t r a n s i t i o n s  f o r  a  p h o t o c o n d u c t o r  w i t h  a  d i s c r e t e  d e f e c t  l e v e l
There are tw o lim iting types o f  excitons, know n as Frenkel and W annier excitons (fig.
4.5). Frenkel excitons are described by  the tight-binding approxim ation and are thus 
sm all and spatially  localised, w hereas W annier excitons are w eakly  bound, w ith a 
electron-hole separation large com pared to the  average intersite separation. Frenkel 
excitons can be p ictured as an excited state o f  a m olecule, in w hich  an electron has been 
excited to a h igher energy orbital, leaving a hole in  the original (ground state) orbital. 
W annier excitons occur w hen interaction betw een m olecules is strong due to close 
packing, resulting  in  a reduction in the coulom bic interaction betw een the electron and 
hole w hich can  consequently  becom e w idely  separated. The b ind ing  energies o f
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excitons are typically o f the order o f meVs: for example the exciton binding energy in 
crystalline silicon is quoted as 14.7 meV, whereas that for KC1 is 400 meV (see Bums, 
1985).
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F i g .  4.5 Schem atic illustration o f  (a) the Frenkel exciton, and (b) the W annier exciton.
In molecular solids the covalent binding o f atoms within a molecule is much 
stronger than the van der Waals binding between molecules, and due to this the 
properties o f the individual molecules are preserved in the solid (cf. Si). This is 
indicated by the fact that the absorption lines o f an isolated molecule appear also in the 
solid state with only slight shifts in frequency. On this basis, excitons in molecular 
solids are likely to be o f the Frenkel type.
Depending on the excitation energy excitons can be created in either the singlet
(S) or the triplet (T) state. Triplet excitons are formed when illumination results in an 
excited state in which the two highest energy electrons have parallel spins, singlet 
excitons are formed when the excited electron has an anti-parallel spin to the highest 
energy unexcited electron. Pauli’s exclusion principle tells us that electrons with 
parallel spins are in a lower energy state than those w ith anti-parallel spins (cf. Hund’s 
rule), due to sp in  corre la tion . Spin correlation causes electrons with parallel spins to 
behave as i f  they have a tendency to stay well apart, and hence they repel each other 
less. The effect o f spin correlation is to allow the atom to shrink slightly, so the 
electron-nucleus interaction is improved when the spins are parallel. Thus the first 
triplet exciton o f a molecule (T^ is generally lower in energy than the singlet (S^. 
Higher energy photons w ill produce higher energy excitons e.g. S2, S3....T2, T3.....etc.
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Excitons are u ltim ately  unstable w ith  respect to recom bination  in  w hich 
the electron drops into the hole producing either a  photon  or phonons. F luorescence and 
phosphorescence result from  the radiative recom bination o f  singlet and trip let excitons 
respectively, excitons can also recom bine w ithout the em ission o f  photons A s w ell as 
recom bining excitons can also be  m ade to dissociate into electron-hole pairs as long as 
the b inding energy can be overcom e. Som e o f  the processes by  w hich excitons can 
dissociate w ere given above, these processes norm ally  resulting in creation o f  one type 
o f  carrier (say holes), and capture o f  the o ther type (say electrons), i.e. they  are extrinsic 
processes. E xciton  dissociation, (not band-to-band excitation), is believed  to be the one 
o f  the m ain  routes to charge carrier production in m olecular crystals and has also been 
applied to disordered organic solids. C harge carrier generation by  exciton dissociation 
generally  occurs w hen the exciting energy is low. For exam ple, in pentacene crystals, in 
the energy range from  1.4 to 2.2 eV charge carrier generation occurs through the 
interaction o f  trip let excitons w ith  trapped holes (Silinsh, 1974). A t h igher excitation 
energies in trinsic carrier production can occur. In  m olecular solids th is is believed to 
occur v ia  the autoionization  (AI) m echanism . This w as dem onstrated in  the  late 1960s 
by  G eacintov and Pope (1967) for polyene crystals; they show ed that the conventional 
sem iconductor band-to-band transition w as not valid  in this case. The A I m echanism  
occurs w hen an electron is excited to a m etastable state (A) w hich lies above the band 
gap s g, this state can then spontaneously decay yield ing free charge carriers, i.e.
S0 + h v - » A - » e  +  h  (4.13)
w here S0 is the  singlet ground state (see fig. 4.6). This process com petes w ith  internal 
conversion b ack  to S „  the first singlet excited state,
S0 +  hv  ->  A  ->  Sj + phonons (4.14)
Later, studies carried out on anthracene crystals (Batt et al., 1968; C hance and B raun, 
1976; K ato and B raun, 1980) indicated that the  A I m echanism  could  no t fully explain 
the carrier generation process, and this led to the developm ent o f  a m ulti-step 
photogeneration m odel (S ilinsh et al., 1982) w hich w ill be discussed below .
The first stage is photon absorption and form ation o f  a Frenkel exciton (fig. 4.6 
(a)). This is follow ed by  autoionization o f  the exciton, creating a positive  parent
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m olecule and a “ho t” electron (not an e-h pair) w ith  excess k inetic energy, s k depending 
on the pho ton  energy.
▲ Autoionization
F i g .  4 . 6  M u l t i - s t e p  p h o t o g e n e r a t i o n  p r o c e s s  a p p r o p r i a t e  f o r  m o l e c u l a r  s o l i d s .
In the th ird  stage, the hot, quasi-free electron loses excess energy by  fast, inelastic 
scattering, and becom es therm alised at a m ean therm alisation length, r^ inside the 
critical coulom b radius, rc (rth <  rc), thus form ing an interm ediate charge pair (CP) state 
o f  bound carriers (fig.4.6 (b), w here ecp is the energy o f  the charge pair state and U cp is 
the coulom b binding energy). In  the final stage free carriers are created b y  dissociation 
o f  the CP state (fig. 4.6 (c)). This final step can be described by  the O nsager m odel 
w hich predicts the probability  o f  therm al dissociation o f  a  bound charge p a ir under the 
influence o f  the com bined coulom bic and applied fields (O nsager, 1938). The O nsager 
equation is
g _
dt
k t _
e
H .v . exp 'z B d
V k BT  ,
g r a d . f  exp
r U ( r ) '
< k BT j
(4.15)
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w here f  is a probability  function, p  is the electron m obility, and U (r) is the coulom bic 
potential m odified  by  the applied field, and is given by
U (r)  =  -  ------------------
U  n.s,.s.ar j
e 2 'i
- q E r th cos (9 (4.16)
The O nsager equation as given above cannot be  solved analytically, bu t num erical 
solutions can be obtained w ith  r^ , as an adjustable param eter. The overall field 
dependence o f  photogeneration is governed by  the efficiency o f  the d issociation step.
poly(diacetylene), and other conjugated polym ers due to their 1-D nature (G ailberger 
andB assle r, 1991).
4.2.3 Steady state photoconductivity
In  this section w e w ill begin by  discussing photoconductivity  in  the sim ple case 
o f  a trap-free sem iconductor illum inated w ith  constant, super-bandgap light, as shown in 
fig. 4.3, and then expand our discussion to include localised states in the gap (we 
assum e electron carriers for sim plicity). The illum ination generates excess electron- 
hole pairs at a rate AG, w hich then transport charge until they are trapped or recom bine. 
The m ean tim e an excess electron spends in extended states, before recom bination, is 
know n as the electron lifetim e, xr. U nder steady state conditions the generation and 
recom bination rates are equal due to detailed balance, so
From  above it can be seen that a m easurem ent o f  the steady state photoconductivity , a pc 
=  n  e p  reflects the product pxr.
The rate o f  change o f  free electron and hole concentrations is given by
A  one-dim ensional version o f  eq. 4.15 is also possible and has been applied to
(4.17)
r,
(4.18)
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The recom bination rate, R  is given by
R =  («o + A«)(p„ +  Ap )C R (4.19)
w here CR is the capture coefficient for capture o f  a free hole by  a free electron and is
determ ined by  the product o f  the carrier therm al velocity, v and the band-to-band 
capture cross section, S
The capture coefficient represents the probability  o f  electron-hole recom bination per 
unit time. The dark  generation rate G0 is given by  nop0CR. The m aterial is neutral and 
trap free so the  num ber o f  electrons and holes balance i.e. n  =  p and =  p 0 so An =  Ap. 
Substituting into 4.19 gives
This equation exhibits tw o regim es depending on the m agnitude o f  the generation rate 
(proportional to photon  flux, F).
U nder conditions o f  low  light the therm al generation rate is m uch greater than 
the excess carrier generation rate, G0 »  AG and thus r^  »  An. The excess electrons 
recom bine w ith  the large, fixed density o f  therm ally generated holes, so 4.21 becom es
In  this regim e the photoconductiv ity  is proportional to the generation rate and the 
lifetim e is constant. This process is know n as m onom olecular recom bination (M R) 
because the recom bination rate depends on the excess density  o f  only one type o f  
carrier. W hen the generation rate is h igh  w e have AG »  G0 and An » yielding
CR — vS (4.20)
(4.21)
AG  =  2Ann0CR (4.22)
(4.23)A n= —
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H ere the photocurren t varies as the square root o f  the  excess generation because the 
recom bination rate  depends on the densities o f  bo th  recom bining species (fig.4.7). This 
is know n as bim olecular recom bination (BR) and results in  a  carrier lifetim e w hich 
decreases as the excess carrier density  increases.
In reality , band-to-band recom bination o f  free electrons and holes in  am orphous 
sem iconductors is a  very unlikely  process. This is due in  part to the  sm all capture cross 
section (and thus capture coefficient) for this process (typically S ~  10‘20 cm 2), bu t it is 
m ore usually  the case that band-to-band recom bination is sw am ped by  recom bination 
occurring v ia  localised states in  the gap. In  the case o f  crystalline sem iconductors w ith 
no gap states band-to-band recom bination o f  free electrons and holes can be  the m ain 
recom bination m echanism , how ever. Gap state m ediated (Shockley-R ead) 
recom bination occurs in tw o steps, electron capture by  a localised  state in  the  gap, 
follow ed by  hole capture from  the valence band (Shockley and R ead, 1952).
Fig.4.7 Effect of generation rate on recombination: monomolecular and bimolecular recombination
regimes.
Shockley and R ead  derived the occupation statistics in the non-equilibrium , steady state 
by  considering all possib le electron and hole transitions that can occur v ia  a  g iven set o f  
localised states (fig. 4.8). In the steady state the rate o f  change o f  free and trapped 
electrons is zero, therefore the four transitions show n in fig.4.8 m ust balance, i.e. A +D  = 
B+C, (A  and B are electron capture and release, and C and D  are hole capture and 
release respectively).
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Fig. 4.8 Possible electron and hole transitions from  a discrete localised state.
Writing this in terms o f the capture and release rates at 8t we have,
—L = A - B - C  + D = 0
dt
(4.24)
0 = nCnN l[ \ - f { e , ) \ -  em N , f ( e , ) -  pC„ N , f ( e , ) + epN , [l -  / ( * , )] (4.25)
where Nt is the trap density and en is the electron emission probability given by
f
= L>exp
v k j  J
(4.26)
In 4.26 v  is the attempt-to-escape frequency which is the product o f the electron capture 
cross section and the effective density o f states in the conduction band, u = Cn N c.
Equation 4.25 can be manipulated to yield the overall Shockley-Read statistic, 
which is
/te) =
n C n + P C p
n C n + ” C n + P C p + P C p
( 4 .2 7 )
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w here n Cn =  en and p  Cp =  ep. N ote that this expression does not depend on the trap
density  at s t, i.e. it is independent o f  N t. D ue to this it can  be applied to arbitrary 
distributions o f  states as w as show n b y  Sim m ons and T aylor (S im m ons and Taylor, 
1972).
States close in energy to the bands act as traps and im m obilise carriers for a 
certain  period o f  tim e (depending on their depth) before releasing them  to their 
respective bands, w hereas states deep in  the gap act as recom bination centres because 
therm al re-em ission to the band is unlikely. The Shockley-R ead statistic enables us to 
determ ine w hether a gap state is acting as a trap or a recom bination centre. F o r traps the 
electron release rate is m uch greater than the hole capture rate, i.e. n Cn »  pC p so 4.27 
becom es
/ ( * ) " * -
N c exp
^- ( g c - g , ) N
 ^ k BT j
(4.28)
so the occupancy at s t is related to that at sc by  a B oltzm ann ratio and is thus 
tem perature dependent.
F or recom bination centres the capture rates are m uch larger than the release rates 
(far from  bands) and eq. 4 .27 becom es
/ ( « , ) « c „ + p C p
(4.29)
It can be  seen that therm al com m unication w ith  the conduction band  is lost and thus the 
occupancy becom es constant (f(£t) =  0.5 i f  Cn =  Cp). N ote that in  these approxim ations 
w e have assum ed that the capture coefficients are independent o f  energy. Figure 4.9 
show s the form  o f  the  occupation in  a sem iconductor w ith  a continuous distribution o f  
localised  states in  the gap.
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F i g .  4 . 9  Sim m ons-Taylor occupation function for a sem iconductor w ith a continuous gap state
distribution.
Under external excitation the density o f free carriers is much greater than in 
thermal equilibrium, thus we can no longer use the relation
f
«o = N c e x  p
~(gc - g / f  
k BT  ,
(4.30)
where sf is the thermal equilibrium, or dark Fermi level. In the steady state we rewrite 
4.30 as
/
n = N c exp
V
-(g c-g /,r
k BT  j
(4.31)
where sfn is the electron quasi-Fermi level (QFL), and is defined in accordance with the 
above equation (a similar equation can be written for holes). Thus when a 
semiconductor is illuminated, the dark Fermi level splits into two QFLs which move
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tow ards the band edges w ith  increasing excitation intensity. N ote  that since n  is not 
necessarily  equal to p in the steady state the QFLs need not be  split equidistant from 
their respective band edges. The quasi-Ferm i levels m ay also be expected to describe 
the occupation o f  traps in  therm al equilibrium  w ith  the bands.
The occupation o f  traps is m ore appropriately described using the so-called trap 
quasi-Ferm i level efn‘, first used by  Sim m ons and Taylor (1972). The occupation at s fn‘ 
is h a lf  that o f  eq. 4.29, and it thus m arks the transition betw een recom bination centres 
and traps The trap quasi-Ferm i level is situated above s fn, (but on ly  slightly  so in  n-type 
sem iconductors), and it behaves sim ilarly  under illum ination. Thus as the light intensity  
is increased and m ove tow ards their respective bands signifying the conversion o f  
traps into recom bination centres.
The conversion o f  traps to recom bination centres form s the basis o f  a m odel 
developed by  R ose to explain the com m only observed phenom enon o f  a photocurrent 
excitation dependence y in term ediate betw een that o f  m onom olecular and bim olecular 
recom bination (Rose, 1963), i.e. ipc oc AGY, 0.5<y<1.0. The deviation from  the norm al 
M R  or B R  regim es is caused by the gap states and the resulting value o f  y w ill depend 
on the particu lar distribution o f  these states. In his m odel R ose assum ed an n-type 
sem iconductor w ith  an exponential density  o f  states described by
g (e ,)  = g o exP
r - ( e c - e , ) ^
k[i j
(4.32)
w here kBT0 determ ines how  rapidly the DOS changes w ith  energy {i.e. the “w idth” o f  
the tail), and g0 is the extrapolation o f  g(s) to ec. A s the excitation is increased traps are 
converted  to recom bination centres causing the electron lifetim e xn to decrease. R ose 
found that for an exponential DOS y =  To/(T0 + T) as long as 0 <  T <  T0. Exponents 
betw een 0.5 and 1.0 can be explained by  a continuous density o f  states.
4.2.4 Photocurrent relaxation from steady state
A  slow  relaxation o f  the steady state photocurrent after the rem oval o f  excitation 
or “persisten t photocurrent” (PPC) has been  observed in  m any disordered m aterials 
(Lee, Y u and H eeger, 1993; A kashi et a l., 1995)). The existence o f  PPC  in a m aterial 
suggests that charge is being stored (for exam ple by  being very deeply  trapped) or that
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recom bination o f  carriers is severely inhibited. Persistent photocurrents observed in 
poly(p-phenylenevinylene) (PPV) have been  fitted w ith  a stretched exponential 
function. They have been found to be essentially  tem perature independent and only 
slightly dependent on  excitation in tensity  (Lee, Y u and H eeger, 1993). B y studying the 
spectral dependence o f  the photocurrent using D eV ore’s m odel (1956) the 
aforem entioned authors obtained good agreem ent betw een theory  and experim ent and 
dem onstrated that surface recom bination w as o f  prim e im portance in PPV . They 
attributed the persistent photocurrent to the slow  dispersive diffusion o f  bu lk  generated 
bipolarons (w hich are the low est energy excitation in  the bulk , and are energetically  
inhibited from  recom bining there) to the surface. R educed dielectric screening near the 
surface allow s polarons to becom e the low est energy excitation in  this region. Polaron 
transport and recom bination can then occur at the surface.
Persisten t photocurrents observed in poly(3-alkylthiophene)s doped w ith  C60 
have been observed to depend on the illum ination period and the concentration o f  C60, 
and have also been  show n to exhibit a unique tem perature dependence (A kashi et al., 
1995, Y oshino et a l , 1994). In these system s photoexcitation is believed to lead to the 
form ation o f  a hole polaron on the polym er chain and an electron polaron on the C60 
m olecule. S tabilisation o f  the electron polaron on the C 60 due to charge rearrangem ent, 
as w ell as further stabilisation to the b ipolaron state is believed to reduce interaction 
w ith  the hole polaron on the polym er chain, and thus inhibit recom bination.
4.2.5 Transient photoconductivity
Transient photoconductiv ity  techniques are those in w hich a photoconductor is 
excited into a state far from  equilibrium  by  the action o f  a short pulse o f  illum ination. 
A nalysis o f  the photocurrent decay can then provide inform ation on the carrier m obility  
and the density  o f  localised states. The tw o transient techniques d iscussed in this w ork 
are the tim e o f  flight technique (TO F) technique and the transient photocurren t decay 
technique (TPC), although only TPC  has been  successfully  carried  out. T he m ain 
difference betw een tim e o f  flight and TPC  is caused by  the type o f  electrodes used and 
their geom etry. In  TPC, coplanar, ohm ic electrodes are used, m aking  this a secondary 
photocurrent technique; w hereas in  TO F blocking electrodes are used in  a sandw ich 
configuration, m aking this a prim ary photocurrent technique. TPC  m ay also be
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perform ed w ith a background steady state illum ination w hich is referred to as optical 
bias. F igure  4.10 shows the basic set-ups for the TO F and TPC  experim ents and 
includes schem atic current decays for each.
T he TO F technique has been m ore w idely utilised than TPC to characterise both 
inorganic and organic am orphous sem iconductors, and th is is m ain ly  because it provides 
a sim ple m ethod for obtaining the carrier (drift) m obility , p d. In  a typical TOF 
experim ent the sam ple is illum inated w ith  a short flash o f  h igh ly  absorbed light and 
consequently  electron-hole pairs are produced close to the illum inated electrode. In the 
norm al, sm all signal case the total injected charge Q m ust no t exceed CVb w here C is 
the capacitance o f  the sam ple and V b is the applied voltage. I f  the illum inated electrode 
is positive electrons w ill be rem oved effectively instantaneously w hereas the holes w ill 
drift in  the  applied field tow ards the negative (extraction) electrode. The contacts in  the 
TO F experim ent are “blocking” , that is to say they do not inject carriers into the sam ple, 
and thus the only current m easured in the external apparatus is due to the drifting holes. 
W hen the drifting carriers reach the extraction electrode they  are rem oved and the 
current drops to zero. The experim ent can also be carried out w ith  the illum inated 
electrode negative in order to study electron transport. The TO F technique is only 
useful for low  conductivity  m aterial such that the transit tim e t^ is m uch less than the 
dielectric relaxation tim e xre, w hich  is given by
Trei =  a/(S rS0) (4.33)
For experim ental transients unaffected by  recom bination w e also require that the 
recom bination tim e, t,. is longer than the transit tim e, i.e. % > t^.
In  crystalline sam ples w ith no traps the current decay obtained from  a TO F 
experim ent is constant, after a rap id  initial drop due to therm alisation, un til the  carriers 
are extracted at the back electrode (fig. 4.11). The current does no t drop im m ediately  to 
zero after the transit tim e because the carriers assum e a gaussian  d istribution o f  
velocities due to diffusion and thus also have a gaussian spatial distribution. D ecays o f  
this type are therefore know n as gaussian  or conventionally dispersive.
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F i g .  4 . 1 0  Experimental setups for (a) transient photocurrent decay (TPC) and, (b) time of flight (TOF)
The experimentally determined transit time o f carriers through the sample is taken to be 
the time at which the current has dropped to 50% o f its plateau value, and is related to 
the average drift mobility by
=
L 
t E
(4.34)
where L is the film thickness and E the electric field.
In amorphous materials the TOF lineshapes are very different to those o f  
gaussian transport and assume an almost featureless decay with no observable extraction
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feature. H ow ever i f  the current decay is p lo tted  on  double logarithm ic axes tw o pow er 
law  slopes are obtained and an extraction feature is recovered. In  these anom alously 
dispersive  decays the actual value o f  t* can be m easured in several w ays, although the 
m ost popu lar is usually  w here the extrapolated pow er law  sections in tersect (see for 
exam ple Pautm eier, R ichert and B assler, 1991). Equation 4.34 above is still valid for 
decays o f  this type but it is now  found that the transit tim e is not linearly  proportional to 
L  or E  as in  gaussian transport. The nonlinearity  is caused by  a broad  distribution o f  
individual carrier transit tim es (m uch broader than in  gaussian transport), due to either 
interaction w ith  a continuous trap d istribution in  m aterials w ith  an extended band o f  
states (m ultip le trapping) o r a  d istribution o f  hopping site energy (not separation, as 
originally  suggested by  Scher and M ontroll (Scher and M ontroll, 1975)) in m aterials 
containing localised states only (m ultiple hopping). Thus w hen traversing  the sam ple 
som e carriers m ay pass through alm ost unhindered w hereas others m ay be deeply 
trapped resulting  in a m uch longer transit tim e. This results in the peak  in the injected 
carrier density  rem aining near to the top electrode and being gradually  “sm eared out” 
tow ards the extraction electrode.
A  T O F decay can be thought o f  as a unipolar TPC  decay w ith  the steeper pow er 
law decay after extraction representing m onom olecular recom bination, thus it is often 
possib le to interpret TO F and TPC in a sim ilar m anner, as long as the im portant 
differences are borne in m ind.
In the next section w e w ill discuss som e m odels pu t forw ard to explain 
anom alously dispersive transport in am orphous (inorganic) sem iconductors, they are 
based on the m ultip le trapping m odel w hich w ill be outlined first.
4.2.6 Multiple trapping
In  inorganic am orphous sem iconductors bo th  TO F and TPC  current decays are 
usually  in terpreted  in  term s o f  the m ultip le trapping m odel. C onduction b y  the m ultiple 
trapping m echanism  begins w ith  carriers being  excited to band states above the m obility 
gap, fo llow ed by  rapid therm alisation o f  carriers to the band edges. T ransport then
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proceeds at the band edge producing an electric current until the carrier reaches a 
trapping state and becomes immobilised. At some later point (depending on the energy 
depth o f the trap) the carrier will be thermally re-excited to the band where it can again 
contribute to the electric current until it is retrapped. This capture-release cycle will in 
general occur many times before the carrier recombines (fig. 4.11).
CB extended states
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F i g .  4 . 1 1  Multiple trapping conduction mechanism.
Experimental evidence for a-Si:H fits very well with the predictions o f  multiple trapping 
and there is now little doubt that this is the correct transport mechanism in this case, 
except perhaps at low temperatures where band tail hopping may become dominant 
(Monroe, 1985). Whether the MT model is applicable to organic semiconductors in 
which the existence o f  a delocalised band is uncertain has not yet been determined, 
although some authors have employed it in interpretation o f results (Meyer et al., 1995).
An analogous transport mechanism to multiple trapping can occur in the absence 
of a band o f extended states and is termed trap-controlled hopping. In this case
transport o f  charge occurs by hopping between localised states at a critical energy (s^ in 
the gap, in effect this is what replaces the band in multiple trapping. The critical energy 
at a particular temperature is determined by competition between the overlap term and 
the Boltzmann factor in eq. 4.50. Trapping o f carriers again occurs, this time in traps
below St with release times (to s j  that are considerably longer than those for hopping at 
the critical energy (fig. 4.12). Trap-controlled hopping may explain why multiple 
trapping models often fit with data obtained from organic materials which are not 
expected to contain an extended band o f states.
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F i g .  4 . 1 2  T r a p - c o n t r o l l e d  h o p p i n g  s c e n a r i o .
A  sim ple m odel explaining the m ain features o f  dispersive transport w as put 
forward separately by Tiedje and R ose and O renstein, K astner and V anninov and is 
generally  referred  to as the T R O K  m odel (Tiedje and R ose, 1980; O renstein, K astner 
and V anninov, 1982). The m odel assum es m ultiple trapping in a continuous density o f  
localised states bu t m ay also be applicable to trap-controlled hopping (M onroe, 1985; 
Silver, Schonherr and B assler, 1982). The m odel begins w ith a pu lsed  carrier density 
N e, (w e w ill assum e electrons), being rapidly  trapped by  localised states in  the gap, the 
trapped electron distribution reflecting the DOS (the capture cross section is assum ed to 
be the sam e for all states). A fter a short period o f  tim e carriers im m obilised  in shallow  
traps w ill be released and com e into therm al equilibrium  w ith the band, w hereas deeply 
trapped carriers w ill rem ain  localised.
Thus at a particular tim e after trapping the therm alising carriers can be  separated 
into tw o groups:
(i) carriers in  therm al equilibrium  w ith  extended states, and
(ii) carriers too deep to have been  released w ith in  the m easurem ent tim e
The energy level separating these tw o groups know n as the therm alisation energy  (sc-sd) 
was first in troduced by A rkhipov and R udenko, and is defined as
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eAed).t = 1 (4.35)
w here en(cd) is the electron release rate at energy ed. In other w ords at energy ed traps 
have on average released carriers only once at tim e t (A rkhipov and R udenko, 1979). In 
DOS distributions that decrease uniform ly from  the band edge (e.g . exponential) the 
electrons w ill therm alise in  the form o f  a packet w ith  a  peak at ed (fig. 4.13) w hich 
m oves dow n at a rate given by
£d = k BT \n (v t)  (4.36)
A s tim e proceeds it can be seen that the therm alisation energy w ill m ove deeper into the 
gap releasing trapped charge w hich w ill be subsequently  recaptured in  deep traps below  
sd. Thus states above ed have an occupation in a B oltzm ann ratio w ith  the extended 
states, w hereas those below  ed have a constant occupation, increasing w ith time. 
O renstein et a l  (1982) applied the TR O K  m odel to an exponential D O S. For low N e 
and free electron recom bination w ith trapped holes they obtained a tw o region decay o f  
the transient photocurrent, 8ipc:
Si
p c
for Ktf,. (4.37)
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for t> ttr (4.38)
F i g .  4 . 1 3  E l e c t r o n  t h e r m a l i s a t i o n  i n  a n  e x p o n e n t i a l  c o n d u c t i o n  b a n d  t a i l .
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4.3 Methods for DOS retrieval
In a transient photoconductiv ity  experim ent on an am orphous m aterial the 
current decreases w ith  tim e before recom bination due to interaction betw een the injected 
carriers and the trap distribution. I f  there are no traps in the  gap the current w ill be 
constant until recom bination. It can thus be seen that the transient photocurrent decay 
contains inform ation on the density  o f  states in the gap. It is th is relation betw een the 
transient photocurrent and the DOS w hich has led to the developm ent o f  DOS 
spectroscopies using the TPC  and TO F techniques. W hereas the  TO F technique has 
m ain ly  been used for the  calculation o f  the  drift m obility  and its tem perature and field 
dependence the TPC  m ethod has becom e popular in situations w here it is desired to 
study the decay o f  the photocurrent to long tim es, or to observe recom bination  w ithout 
the lim itation o f  a transit tim e extraction feature. Therefore it is usually  the TPC 
experim ent that is used w hen it is required  to obtain the D O S o f  a particu lar m aterial, 
a lthough the analyses explained in the next few  sections are generally  applicable to TO F 
data also. It should also be borne in m ind that the follow ing techniques assum e a 
m ultiple trapping transport m odel.
4.3.1 From TPC i(t) data
The TR O K  m odel show s in a sim ple w ay the re lation betw een the transient 
photocurrent decay i(t) and the density  o f  states at the therm alisation energy g(sd) i.e. 
g fe iW iW -t) '1 w here s d =  kBT ln(ut) (see, for exam ple, M arshall, 1989). A s w as stated 
in § 4.2.6 an exponential density  o f  states yields a transient curren t consisting o f  two 
pow er law  decays, the transition  occurring at the recom bination tim e xr, after w hich the 
current decays m ore rapidly. The above m ethod w ill w ork in th is case because the peak 
o f  the carrier density  is at the therm alisation energy at all tim es during the decay, and it 
is thus these states w hich control the current. H ow ever, i f  the  D O S consists o f  an 
exponential w ith  a bum p o f  states at a deeper energy it can be dem onstrated  that the 
above m ethod o f  extracting the DOS w ill no t w ork. In this case the peak  in the carrier 
density  (w hich the T R O K  m odel assum es is at Sj) w ill shift from  ed in  the exponential, 
to the bum p in the D O S. The therm alisation energy w ill thus be  shallow er than the peak
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in the carrier density , i.e. states in  the  bum p are controlling the current, not those at s d. 
So it can be  seen that a structured D O S w ill cause th is “single tim e-poin t” D O S retrieval 
m ethod to fail. The TR O K  m ethod is a  single tim e-point m ethod because it attem pts to 
calculate a  g(s) po in t from  a single i(t) point. The above exam ple show s that single 
tim e-point m ethods do not w ork i f  the  D O S has considerable structure because they 
ignore the effect o f  o ther states on the current decay. M arshall and M ain show ed this to 
be the case in  a D O S consisting o f  three discrete levels (M arshall and M ain, 1983). 
U sing the above m ethod they calculated the DOS from  a sim ulated current decay: the 
reconstructed D O S gave incorrect values for the density  o f  the trapping levels and 
placed them  at the w rong energies. The reason for these errors is the T R O K  m odel 
assum ption that the therm alisation energy is at s d.
The realisation  that the TR O K  m odel w ill not give reliable results i f  the  m aterial 
studied has a structured density  o f  states led som e w orkers to develop so-called  “m ulti 
tim e-point” m ethods for DOS retrieval. In  these analyses m ore than a single i(t) point is 
used to calculate a single g(e) point, and thus the effect o f  states at m ore than one energy 
in the D O S should  be accounted for in  the reconstructed D O S. A m ong these m ethods 
are those developed by  M ichiel, M arshall and A driaenssens (1983) and M ichiel and 
A driaenssens (1985). W e w ill not discuss these m ethods here, suffice to say that they 
w ork w ell bu t are com plicated and at the tim e they w ere developed suffered from  being 
com putationally  intensive. Since the developm ent o f  these m ethods sim pler DOS 
retrieval techniques have becom e available (as w ill be discussed in § 4.3.3), and thus the 
above m ethods have  not gained popularity  w ith  the advent o f  m ore pow erful, cheap 
com puters.
A  further m ulti tim e-point m ethod is that o f  M arshall, B erkin  and M ain  w hich 
uses TO F data TO  probe the D O S (M arshall, B erkin and M ain, 1987). T he m ethod 
w orks by  m easuring  the drift m obility  at a variety  o f  tem peratures at a fixed field. The 
m obility  activation energy can then be obtained w hich identifies the  depth o f  the traps 
controlling the m obility  at that field. I f  the field is now  varied the dependence o f  the 
m obility  activation energy on field, As^(E) can be determ ined. The density  o f  states is 
proportional to [dA8^l(E )/dE]'1. This m ethod w orks w ell b u t is experim entally  tim e 
consum ing as m any TO F decays are needed to obtain Aem at a particu lar field, and the 
activation energies at a variety o f  fields are required  to form  an overall p ic ture  o f  the 
energy dependence o f  the DOS.
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4.3.2 From MPC (j)(co) data
The m odulated  photoconductiv ity  (M PC) experim ent is equivalent to a TPC 
experim ent in  the frequency dom ain and can provide com plem entary data to TPC, 
how ever the  m ain  utility  o f  M PC  in this context is that a  single M PC  data point 
(I^ ,^ ,© ) does give a correct D O S point, i.e. the single po in t m ethod w orks for M PC.
In the M PC experim ent the specim en, w hich m ay be in coplanar o r sandw ich 
configuration, is illum inated w ith  light o f  an appropriate w avelength, the intensity  o f  
w hich is m odulated  w ith  a sine wave. The generation rate  can therefore be  represented 
as a steady state term  Gss and an alternating com ponent o f  angular frequency © and 
am plitude (fig.4.14). The response to sinusoidal excitation is a sinusoidal 
photocurren t w hich is phase shifted by  a frequency dependent angle (|)m(©) w ith  respect 
to the generation  and has a com plex am plitude Ia(©) w hich is also a function o f  
frequency. In  a typical M PC  experim ent the com plex photocurrent spectrum  (Ia,<j)u,©) is 
m easured w ith  a  lock-in am plifier over a range o f  frequencies (typically  1-105 Hz).
A  full analysis o f  the solution to the m ultiple trapping equations in the frequency 
dom ain is no t appropriate here, m ore inform ation m ay be found in  the  papers by  O heda 
and B rtiggem ann et a l  (O heda, 1981; Briiggem ann et al., 1990).
t
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The im portant result is that solution o f  the said equations leads to a full analytical 
solution and a sim ilar expression to that obtained in  the TR O K  m odel is obtained w hich 
can be expressed in  the frequency dom ain as
H ow ever in this case the definition for is obtained w ithout m aking  any assum ption 
about the shape o f  the D O S. W ith som e approxim ations the w orking  equation for 
determ ining the D O S from  the experim ental data  is
w here A  is the conduction cross-section (coplanar geom etry), p 0 is the free carrier 
m obility  and 9  is the phase shift (B ruggem ann et a l., 1990).
4.3.3 TPC-MPC Fourier transform method
It w ould appear that the M PC experim ent should provide a satisfactory m ethod 
for D O S spectroscopy, how ever its use has been  lim ited because the energy range that it 
can probe is lim ited; there are two reasons for this. The first is that due to the steady 
state generation rate G ss the quasi-Ferm i levels are split. This lim its the energy range 
w hich can be probed because the M PC experim ent cannot “see” states below  efn (or e^,). 
This is not the case in  a TPC  experim ent, w hich does not lead to splitting  o f  the quasi- 
Ferm i levels and can therefore probe states dow n to the Ferm i level. T he second reason 
is experim ental and is associated prim arily  w ith  electrom agnetic coupling w hich 
constrains the upper frequency lim it (and thus energy range) that can be covered. In 
M PC frequencies o f  —1-105 H z can be probed  w hich corresponds to the tim e range 
~1.6ps-0 .16s; in TPC  the accessible tim e range is considerably better at ~  10'9-10s (at 
300 K  this corresponds to TPC  having about tw ice the energy range o f  M PC  (using u  = 
1 0 12 s '1)).
s a =  k  T ]n (u / co)
B
(4.39)
(4.40)
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Thus it w ould  appear that som e m eans o f  com bining the TPC  experim ent and 
M PC  analysis w ould  lead to a solution o f  the above problem s. This issue has been 
addressed by  w orkers at the U niversity  o f  A bertay D undee, and a coupling o f  the TPC 
and M PC  experim ents using a Fourier transform  (FT) m ethod has been successfully 
developed (M ain et a l., 1992). The FT  m ethod converts tim e-dom ain  TPC i(t) data into 
frequency-dom ain I(co), <|)(co) data v ia  a num erical discrete Fourier transform . The 
density  o f  states can then be obtained from  an M PC  analysis o f  the  data. The TPC -M PC  
transform  m ethod is thus a m ulti po in t m ethod. A  detailed descrip tion o f  the Fourier 
transform  m ethod is given by W ebb (W ebb, 1994). The strengths o f  the technique have 
been w ell tested  using com puter sim ulated and experim ental data  (M ain et a l , 1993) 
and is found to be accurate, and applicable to anom alous or conventionally  dispersive 
transport. It is also valid  in the pre- or post-recom bination (transit) regions o f  the decay.
The FT  m ethod is generally applicable to am orphous sem iconductors, how ever 
several circum stances can distort the com putation o f  the transform . The m ost serious o f  
these is a possib le lack o f  short tim e TPC  data w hich, i f  m issing from  the sum m ation in 
the num erical in tegration in  the transform  can lead to a significantly  incorrect D O S (see 
W ebb, 1994)). It should also be rem em bered that the Fourier transform  is only valid  i f  
the system  response is linear. The FT  m ethod w ill be used on experim ental results in 
this w ork and its applicability  to m aterials w hich transport charge by  m echanism s other 
than m ultip le trapping w ill be assessed.
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4.4 Charge transport in organic materials
A s w as discussed in § 2.2.3, the introduction o f  d isorder to a  m olecular crystal 
can cause the entire band to becom e localised. D ue to this the descrip tion o f  extended 
state conduction given in § 4.1.1 is likely to be inappropriate for organic m aterials. (A 
possible exception to this is the conjugated polym ers w hich have w ide bands (trans-PA, 
B~10eV ) and m ay be subject to localisation o f  states in  the band tails only).
C harge transport in organic solids is generally  believed to occur through 
localised states by  therm ally activated processes i.e. by  hopping, and this assum ption is 
supported by  the very low conductivities and m obilities reported  for m aterials o f  this 
type. C harge transport characterisation studies on organic m aterials have been  carried 
out alm ost exclusively  using the TO F technique to determ ine the tem perature and field 
dependence o f  the drift m obility, and a recurrent pattern  o f  features has been  recovered 
on a diverse range o f  m aterials. F o r exam ple sim ilar behaviour has been  observed in the 
broad class o f  m olecularly  doped polym ers (Schein, G latz and Scott, 1990; 
B orsenberger, 1990; Peled and Schein, 1988), m ain  chain polym ers such as 
poly(silanes) (A bkow itz and Stolka, 1988) or poly(phenylenevinylenes) (G ailberger and 
B assler, 1991) and polym ers w ith  active side groups such as poly(vinylcarbazole) (Gill, 
1972).
The typical recurrent features o f  transport in these m aterials include the 
following: (i) an activated behaviour o f  the carrier m obility, the activation energy from 
A rrenh ius’ equation being in the range ~  0.4-0.6 eV; (ii) a field dependence o f  the 
m obility  resem bling  the Poole-Frenkel law , i.e. In p  cc pE 1/2 over certain  field ranges;
(iii) a deviation  o f  the m agnitude o f  P and its tem perature dependence from  that 
predicted b y  the Poole-Frenkel theory; (iv) a sign reversal o f  p above a certain 
tem perature, e.g. ~  408 K  in poly(m ethylphenylsilylene) and ~  294 K  in poly(di-n- 
butylgerm ylene) (A bkow itz, B assler and Stolka, 1991); (v) non  Poole-Frenkel field 
dependence at low  fields; (vi) TO F tails w hich are broader than those expected from  
solely conventional (therm al) diffusion; (vii) a transition to d ispersive transport at low 
tem peratures.
The recurrence o f  the above features in different m aterials suggests that these are 
intrinsic m ateria l properties rather than im purity  related  as it is hard  to see how  such 
chem ically  diverse system s could contain  approxim ately the sam e density  o f  traps
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having  a sim ilar depth  relative to the transport states, and also account for the  fact that 
they  m ust be charged w hen em pty to conform  to Poole-Frenkel behaviour.
In  the next section w e w ill discuss som e o f  the basic concepts o f  hopping 
transport and exam ine som e o f  the phenom enological m odels put forw ard to explain the 
dependence o f  the m obility  on tem perature, field and site separation; w e w ill then 
describe in m ore detail tw o transport m odels developed to explain the pattern  o f  features 
described above.
4.4.1 Hopping in organic solids
The observed m agnitude o f  the m obilities in organic solids such as m olecularly  
doped polym ers and single com ponent organic glasses are typically  in the range 1 O'4- 10" 
9 cm 2 V"1 s '1 w hich is m uch too sm all for band transport. For com parison the m obility  in 
crystalline organics is expected to be ~  1 cm 2 V '1 s '1 w hereas in crystalline inorganic 
sem iconductors o r m etals \x is in the range ~  10 - 103 cm 2 V '1 s '1. F o r hopping  transport 
the m agnitude o f  the m obility  is determ ined by  the hop rate betw een m olecules, w hich 
itse lf  is a  function o f  the average interm olecular separation, a, the tem perature, T and the 
applied  field, E. The m ajority  o f  the w ork discussed subsequently  has been  carried out 
on M D Ps because in these m aterials the interm olecular separation is controllable. In the 
sim plest case o f  isoenergetic hopping sites at zero applied field the m obility  can be 
w ritten  as
JU = f^ a 1 e x p [-2  a hca]  (4.41)
w here ex p [-2 a Ioca] represents the  w avefunction overlap, a loc is the inverse w avefunction 
decay length  and p.0 =  e\Jo/6kBT, u 0 being the attem pt to escape frequency. Thus / ,  and
p. should  depend solely on  in tersite  separation i f  a l0C is the sam e for all m olecules, p,0 is 
independent o f  field and in tersite  separation and only w eakly  tem perature dependent. 
H ow ever, it has also been show n that a loc can be tem perature dependent (Pfister, 1977).
I f  w e now  allow  the m olecules to have a distribution o f  energies i.e. we 
in troduce diagonal disorder, then  for som e hops the carrier m ust gain an am ount o f  
energy AsCT, w hich is equal to the energy difference o f  the initial and final sites. The
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hopping probability  is then proportional to the  B oltzm ann factor exp(-A sa/k BT), w here 
Asct is the activation energy. In m any organic solids it is found that the activation 
energy is not constant bu t depends on the interm olecular separation (Pfister, 1977), and 
som e authors have suggested a T '2 dependence for the m obility , ra ther than the fam iliar 
A rrhenius form , 1/T (see § 4.4.2). Thus the expression for the m obility  can now  be 
w ritten  as
M =  W 2 e x p [-2  a ^ a ]  ex p t-A s,. /  kBT] (4.42)
The final variable w e have to consider is the applied field and its effect on the hopping 
m obility. It is w ell know n that the application o f  an external field  shifts energy levels 
into closer coincidence by  an am ount eEa, thus an applied field w ill low er the activation 
energy by  an am ount
A sa =  A£-0 -  eEa (4.43)
w here Ae0 is the zero-field activation energy. Thus the field dependence o f  the m obility  
should be given by
ju oc exp (-e E a  /  k BT) (4.44)
B assler suggested a sim ilar field dependence on the basis o f  M onte Carlo sim ulations 
and used it to fit data taken by other authors (Bassler, 1984), m ore recent sim ulation 
w ork  how ever, has show n that an E 1/2 dependence is a m ore accurate fit to the data (see 
for exam ple B assler, 1993).
The hopping rate in  the reverse d irection w ith  respect to the  field  can be  taken 
into account by  subtracting it from  the hopping rate in the forw ard direction, and leads 
to the follow ing result
fj. c c  {exp {eEa /  2 k BT) -  exp [-(eE a  /  2 k BT )]}  /  E  (4.45)
or
ja oc [sinh{eEa  /  2k  BT)] /  E  (4.46)
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This type o f  field dependence has been suggested by  B agley (Bagley, 1970) and is also 
expected to describe the field dependence o f  sm all polaron hopping (Em in, 1973). 
Facci and S tolka have dealt w ith  the case o f  an asym m etric barrier to hopping in 
forward and reverse directions by  introducing a param eter a ’ w ith  a value betw een 0 
and 1 (Facci and Stolka, 1986), giving
(j. cc {exp(a 'eE a  /  2 k BT) -  e x p [ - ( l  -  a ')eE a  /  2 k gT ]}  /  E  (4.47)
M ore recent w ork  on the field dependence o f  the m obility  in M D Ps has show n that the 
only function that adequately describes the experim ental data is In p, cc E ,/2 (Schein et 
a l., 1989). I f  a potential energy w ith  a r'n dependence (w here r  is the distance from  the 
centre, and n  is a integer) is em ployed instead o f  the square w ell potential that is 
im plicitly  assum ed in the above equations, it can be show n that the field dependence o f  
the m obility  becom es En/n+1, thus for n =  1, as in a C oulom b potential, the field 
dependence is E1/2 (Schein et a l., 1989).
There have been num erous observation o f  this type o f  field dependence in the 
literature, the first o f  w hich w as that o f  Gill, taken on  trinitrofluorenone- 
poly(vinylcarbazole), PV K -TN F (Gill, 1972), other authors have also used th is function 
to fit data (Pfister, 1977; Santos Lem us and H irsch, 1986; A bkow itz et al., 1987; Schein 
et al., 1986). It is experim entally  found that the field  dependence o f  the m obility  is 
itse lf dependent on tem perature and therefore also dependent on the intersite separation. 
Thus w e can now  w rite  our general equation for the m obility  as
ju =  jJqQ2 e x p [ -2 a /oc<2]exp[-A£CT /  kBT]QX^[-eEa /  kBT] (4.48)
It can be seen from  the equation above that the dependence o f  the m obility  on the 
variables a, T and E is not sim ple and further that the effects o f  the variables are 
interconnected (M ack et al., 1989).
Several em pirical equations have been developed to describe experim entally  
obtained hole m obility  data, the first o f  these w as due to Gill
M = th exp
(A s0 -J 3 E m )
(4.49)
54
w here (3 is a constant, Tefr=  1/T - 1/T, (and p  =  p , w hen T = T J  and As0 is the zero field 
activation energy (G ill, 1972). T, is the tem perature at w hich the field dependence o f  
the m obility  vanishes, i.e. w here In p  vs. E 1/2 curves intercept. The E ,/2 field dependence 
o f  the above equation w as in itially  taken as evidence for the Poole-Frenkel m echanism  
o f  barrier low ering, indeed experim entally  derived values o f  p fit very w ell w ith the 
value expected by  the Poole-Frenkel theory. This has since been  disregarded as an 
explanation because the PF  m echanism  necessitates the existence o f  charged trapping 
states at each hopping centre w h ich  has never been  observed in  m aterials such as M D Ps. 
A  further problem  is that the distance to the peak  o f  the potential, rp after barrier 
low ering is predicted by  the PF  theory to be about an order o f  m agnitude larger than the 
average intersite separation, and thus the carrier w ill not be free o f  the coulom b 
potential after a single hop.
A  final and im portant problem  w ith  eq. 4.49 is the T, param eter, w here the field 
dependence o f  the m obility  vanishes. There have been few suggestions in the  literature 
as to the physical m eaning o f  this term  and such a param eter is not pred icted  by any 
hopping theory. It should also be noted that at tem peratures above T, the m obility  is 
p redicted  to decrease w ith  increasing field, contrary to the prediction o f  an increased 
field bringing  energy levels into closer coincidence. Som e w orker suggested that T, is 
associated w ith  the glass transition  tem perature (Fujino et a l., 1984). H ow ever it has 
been show n that the tem perature dependencies o f  Tg and T, are d issim ilar, w hich 
suggests that T l is not associated w ith  rheological properties (Schein, 1990). H irsch 
suggested that the existence o f  T, is caused by  a tem perature dependent dielectric 
constant, Schein has also show n that this is inconsistent w ith  experim ental data. A 
decrease o f  m obility  w ith  field w as first observed experim entally  in  the pyrazoline 
com pound D EA SP in polycarbonate by  Peled and Schein (1988). T hey  observed that T, 
decreases w ith  increasing interm olecular separation w hereas T g increases, and thus 
found it possib le to produce sam ples w here T g >  T t at low  concentrations o f  D EA SP. In 
the tem perature range w here T g >  T >  T, they found that the m obility  decreased w ith 
increasing field as predicted b y  G ill’s equation.
O ther phenom enological equations have been  suggested by  Pfister, and Schein 
and M ack, how ever these are in general ju s t convenient variations on G ill’s equation 
and do no t lead to any greater physical insight o f  the hopping m echanism , in  particular 
neither explain  the origin o f  the T, param eter (Pfister, 1977; Schein and M ack, 1988).
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T he need for a  hopping m odel that can describe the experim ental data and relate 
the observed param eters to physical aspects o f  the studied m aterial has led to the 
developm ent o f  two m ain  theories for M DPs: the disorder lim ited  hopping m odel and 
the polaron  m odel, w hich w ill now  be discussed.
4.4.2 Disorder-limited hopping
This m odel has been developed by  the M arburg group o f  B assler et al. and 
assum es that the d isorder inherent in experim ental sam ples is responsible for the 
recurrent pattern  o f  features m entioned in § 4.4, in particular the  activation energy o f  the 
m obility. The disorder lim ited hopping (D LH) scenario uses as its basis the m odel o f  
S ilinsh d iscussed in § 2.2.3 w hich predicts that the introduction o f  d isorder to m olecular 
crystals leads to localisation o f  the w hole band. T ransport then  proceeds by  hopping 
betw een the constituent sites in the resulting gaussian DOS.
A  key param eter o f  the D LH  m odel is the w idth o f  the D O S, cjg. R ecent w ork 
has show n that the value o f  a g is influenced b y  the dipole m om ent o f  the transport 
m olecule. These so-called dipolar d isorder m odels are based on the argum ent that a 
random  distribution o f  perm anent dipoles generates fluctuations in  electrostatic potential 
that add to local variations resulting from  van der W aals interactions. The total w idth  o f  
the D O S m ay then  be  considered to be determ ined by  a d ipolar com ponent and a van der 
W aals com ponent (B orsenberger and B assler, 1991; Y oung, 1995). The m ain  
predictions o f  the d ipolar disorder m odels are that the dipolar com ponent increases w ith  
increasing dipole m om ent and concentration o f  the polar species (B orsenberger et al.,
1996).
Evidence for a  gaussian DOS com es from  the inhom ogeneously  broadened 
absorption profiles o f  disordered, vapour-deposited  polyacenes such as tetracene and 
pentacene (Jankow iak, R ockw itz and B assler, 1983). In  the  d isordered state the k- 
selection rule for optical transitions is relaxed and thus optical absorption m aps the 
(exciton) density  o f  states. In disordered tetracene and pentacene the absorption profiles 
for the low est excited singlet states are gaussian  and the inhom ogeneous broadening o f  
these profiles com pared to those in the respective crystals reflects the positional disorder 
in the neighbourhood o f  an excited m olecule. A lthough optical absorption only probes 
the d istribution o f  exciton states the states for charge carriers m ust have a sim ilar DOS
56
because the  van  der W aals energies o f  Frenkel excitons and charge carriers have a 
sim ilar physical origin.
The predictions o f  the disorder lim ited hopping (D LH ) m odel have been 
determ ined alm ost entirely  by  com puter sim ulation w hich w ill be d iscussed in § 5.1, 
although som e analytical w ork  has been done using the effective m edium  approach 
(EM A ), w hich for finite tem perature describes very w ell the hopping process in  organic 
solids (G riinew ald et a l ,  1984; M ovaghar et al., 1986).
The hopping  rate o f  a carrier in  th is m odel is o f  the M iller-A braham s type and is 
activated for hops up in energy (Sj >  s,) and constant for hops dow n in energy (Sj <  s {)
H = M ) ex P
RA- 2 a  a —  exp
V loc a J
(  \
£. —  £
J i
v k T  J^ B '
for £j >  Sj (4.50)
Vn =  q e x p
f  R A
- 2 a  a —
\  ioc a J
fo rS j< S j (4.51)
w here a is the average intersite distance and u 0 is the attem pt to escape frequency. In 
the case o f  an applied field the site energies include the electrostatic energy term  eEAx 
w here Ax is the site separation in the field direction.
A  carrier introduced at an arbitrary energy w ith in  a gaussian D O S w ill execute a 
random  w alk according to the above hopping rates and w ill relax into the tail o f  the 
gaussian. H opping relaxation in  an exponential D O S has been  show n to lead to 
dispersive transport on a m acroscopic tim e scale (Silver, Schonherr and B assler, 1982), 
how ever relaxation  in a gaussian D O S ceases after a tem perature-dependent tim e 
interval at an energy (s), indicating the attainm ent o f  dynam ic equilibrium . This is due 
to the m ore rap id  d ilu tion o f  the state density  w ith  energy in  the tail o f  the gaussian 
distribution. The equilibration energy (e^) o f  a carrier at zero electric field  can be 
calculated analytically  using E M A  (Ries et a l ,  1988) and is given by
f p ( s ) s e x p ( - £  I k T )d£  a
<««,>= Iim < * w > = - + ^
1 00 f p ( s )  exp ( s  / k T )d s
—00 B
-------- =  -G  <7
kT  s
(4.52)
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w here p(e) characterises the D O S, a g is the w id th  o f  the  gaussian d istribution and <7 =  
(jg/ksT. N ote that (e*,) is independent o f  the presence o f  off-diagonal disorder. 
R elaxation o f  a non-in teracting packet o f  carriers in  a gaussian DOS has been sim ulated 
by  Pautm eier, R ichert and B assler and it w as found that in the long-tim e lim it <sm) = 
-  <7 <7 and the shape o f  the occupational DOS (D O Socc) becom es gaussian  and acquires
g
a w id th  a g (i.e. the sam e as the D O S) indicating that dynam ic equilibrium  has been 
established (Pautm eier, R ichert and B assler, 1989).
Fig. 4.15 shows a M onte  Carlo sim ulation o f  the tim e dependence o f  the average 
carrier energy param etric in  tem perature. It can be seen that (s(t)> relaxes approxim ately 
logarithm ically  w ith  tim e as pred icted  by  the EM A  result (R ies et al., 1988). As the 
tem perature is low ered relaxation is slow ed dow n, and as T—>0 the carriers m ay becom e 
“ frozen in” as therm ally  activated hops w hich allow  the carriers access to additional 
sites for relaxation are elim inated.
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F i g .  4 . 1 5  M C  s i m u l a t i o n  o f  t h e  r e l a x a t i o n  o f  t h e  m e a n  c a r r i e r  e n e r g y  i n  a  g a u s s i a n  D O S .
The D LH  m odel predicts a non-A rrhenius-type tem perature dependence o f  the 
carrier m obility. This can be dem onstrated i f  w e consider a m aterial in  w hich  carriers 
have relaxed to (e^). I f  the gaussian  w idth  is 0.1 eV at 295 K  ( a  = 4 )  w hich is typical 
for m any m aterials, the fractional D O S for s  <  (e*,) is
58
(4.53)
- A ct
g
J p ( s ) d s  «  3 x 10 
—oo
thus a carrier located at e =  (e^) can on average only continue its m otion  after therm al 
excitation higher into the D O S. I f  w e assum e that all the carriers are located at (s*,) and 
the transport energy is located at the centre o f  the gaussian (s =  0) the activation energy 
w ill be o  o  and the tem perature dependence o f  the m obility  should be
g
or
f ' o o  V
M(T) =  exP
g
T j
(4.54)
M(T) =  M, exp
f
f  o  ) 2>
g
k T
V v B / )
(4.55)
M onte Carlo and EM A  studies show  that the above non-A rrhenius behaviour is correct, 
the w orking equation differing from  above by  a factor o f  2/3 in the  exponent
K T )  = M0 exp - ( | f f )
2\
(4.56)
The exponent accounts for the statistics o f  bo th  the occupational energies and the barrier 
heights. Thus in  the zero field lim it p lo tting  In jx vs T '2 should yield  a straight line o f  
slope 2Gg/3kB from  w hich the gaussian w id th  o f  the D O S can be  obtained (in  som e cases 
2Gg/3kB is w ritten  as T0 i.e. the gaussian w id th  in tem perature units). Experim ental data 
p lotted  vs. T '2 is generally  found to give a better fit than i f  p lo tted  in  the conventional 
A rrhenius m anner, how ever the better fit is som etim es difficult to ju s tify  w hen the 
tem perature range covered becom es sm all. The application o f  equation 4.56 to 
experim ental data is further ju stified  by  the m agnitude obtained for the m obility  p re­
factor. P lo tting  the data against T '1 yields jr0 values w hich are too large for non-
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crystalline m olecular solids, o f  the order o f  10 cm 2 V '1 s '1, w hereas p lo tting  against T '2 
yields values betw een 10'2 - 10'1 cm 2 V '1 s '1 w hich are m ore realistic for such m aterials.
Equation 4.56 im plies therm ally  activated transport, the  activation energy being 
given by
A s
cr 9 k  T
B
(4.57)
N ote that the apparent activation energy is tem perature dependent and i f  derived from  a 
A rrhenius p lo t is tw ice Aea. C om bining the energy o f  the centre o f  the occupational 
density  o f  states ( z j)  and the above activation energy im plies the existence o f  a 
“transport energy” at
_  _  g
£‘ ~ 9 k  T  k T
B B
(4.58)
F i g .  4 . 1 6  O c c u p a t i o n a l  d e n s i t y  o f  s t a t e s  ( D O S 00' )  f o r  c a r r i e r s  h o p p i n g  i n  a  g a u s s i a n  D O S  a f t e r  d y n a m i c  
e q u i l i b r i u m  h a s  b e e n  o b t a i n e d ,  a l s o  s h o w n  is  t h e  p r e d i c t e d  t r a n s p o r t  e n e r g y .
w ith  respect to the centre o f  the gaussian D O S i.e. Z =  0 (fig. 4.16).
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T he valid ity  o f  the transport energy concept in  an exponential D O S has been 
dem onstrated  by  M onroe w ho show ed that the transport energy St is given by
5  =
3k T  (4;z7 3)1/3
-3 k  T  In— — ------ ---------
b o 2 a  akT
loc
(4.59)
The transport energy is the m ean energy o f  the sites to w hich  a carrier hops w ith  
m axim um  rate. N ote that St depends on tem perature and overlap (M onroe, 1985).
H artenstein  and B assler have investigated the concept o f  a transport energy in a 
gaussian D O S (H artenstein and B assler, 1995). U sing M onte Carlo sim ulations they 
determ ined the energy o f  the sites m ost frequently v isited  by  the hopping carriers and 
found that the apparent transport energy decreases w ith tem perature. This is in 
agreem ent w ith  equation 4.59 and M onroe’s reasoning that the carriers w ill optim ise 
their hop rates through a trade-o ff betw een activated and long distance jum ps. H ow ever 
m ore detailed  analysis o f  the results led the authors to conclude that neither the
activation energy nor the com puted values o f  St reflected the exact energy level to w hich 
carriers are raised to continue their m otion. The evidence for this w as provided by  
sim ulations w hich show ed that St w as virtually  independent o f  in tersite coupling, rather 
than inversely  proportional to it as predicted by  equation 4.59. The authors w ent on to 
suggest that the inconsistencies w ere due to oscillation o f  carriers betw een nearest
neighbour sites at 8^  in the case w here one o f  the sites lies low er in energy than the
others, thus m aking the rate for this hop far greater than that for excitation to e t. This 
oscillation affects the carrier transit tim e and thus the m obility , and since all hops 
contribute to the tem perature dependence o f  transport the ensem ble averaged activation 
energy w ill be low er than the energy needed by a carrier to execute a “transport” jum p  
and it m ust decrease w ith  decreasing tem perature because oscillatory  m otions gain 
im portance.
Thus the decrease o f  s t upon low ering the tem perature is no t a reflection o f  the 
m ean ju m p  distance as im plied  by  the concept o f  variable range hopping  but o f  the 
grow ing im portance o f  oscillatory m otions o f  a carrier. A  related situation w as noted by 
M arshall, how ever in this case the carrier oscillates because tw o sites are very  close
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together spatially , thus in  this case the greatly increased transition  rate  is due to the 
overlap term  in eq. 4 .50 (M arshall, 1979).
M onte Carlo sim ulations o f  the D LH  m odel have show n that the Poole-Frenkel- 
like field dependence observed in organic m aterials i.e. In p o c  pE1/2 is sim ply a 
consequence o f  the hopping m otion o f  carriers in a gaussian D O S, albeit w ith in  a certain 
field range. A t low fields the sim ulated m obility  is found to be  effectively independent 
o f  field, how ever at h igher fields the m obility  assum es the pE1/2 form . The value o f  p 
decreases w ith  increasing tem perature (decreasing disorder) and changes sign above a 
certain  tem perature, thus the D LH  theory accounts for the Tj param eter w here the field 
dependence o f  the m obility  disappears (see § 4.4.1). The decrease o f  p w ith  E at 
vanishing d isorder (high T) shows that the drift velocity  has saturated because hopping 
in  an isoenergetic hopping system  is not affected by  the field strength. This yields a 
m obility  w ith  a E*1 field  dependence. Further evidence for the p(E) behav iour resulting 
from  hopping m otion is the analytical theory developed by M ovaghar et ah w ho showed 
that the field dependence in  pure hopping system s follow s a In p o c  pEn law  w ith  0 <  n <
0.5, the exact value o f  n being determ ined by the shape o f  the D O S (M ovaghar et a i ,
1990) .
The effect o f  off-diagonal disorder on the p(E ) relation described above has also 
been  investigated  and is found to change the p(E ) pattern  in  a characteristic w ay 
(Pautm eier et ah, 1988; Pautm eier, R ichert and B assler, 1990, B orsenberger et al.,
1991) . Increasing off-diagonal disorder, S  in  an isoenergetic hopping system  {i.e. a g = 
0, w here In p  o c  E '1) enhances the m agnitude o f  the m obility  and causes it to decrease 
m ore rapidly w ith  field. This has been ascribed to increased positional d isorder opening 
up “fast” channels for carrier transport, w hich m ay involve jum ps against the field. As 
the field is increased these detour routes are cut off, and therefore the m obility  m ust 
decrease faster w ith  field  as com pared to a system  devoid o f  any disorder.
S im ulations w hich  involve bo th  diagonal and off-diagonal d isorder yield  p(E) 
relationships w hich qualitatively agree w ith  experim ental data. A t low  fields the 
experim ental m obility  consistently  decreases w ith  field at d ifferent tem peratures, at 
h igher fields the In p o c  pE1/2 dependence is observed w ith  p decreasing w ith  increasing 
tem perature and eventually  changing sign (see, for exam ple, the  data o f  B orsenberger et 
ah, 1991). T he decrease o f  the m obility  at low  fields can be ascribed to off-diagonal 
d isorder opening up fast detour routes for charge carriers as described above, it is
62
effectively independent o f  tem perature because it is not contro lled  by  the energy 
d istribution o f  hopping sites. A t higher fields barrier low ering becom es im portant and 
com petes w ith  the field-induced quenching o f  detour routes a carrier m ay follow, 
causing the Poole-Frenkel like field dependence. Thus it is com petition  betw een 
diagonal and off-diagonal d isorder w hich causes the disappearance o f  the m obility  field 
dependence (and thus accounts for T,).
A nalysis o f  the slope param eter, p has led to the  developm ent o f  a universal law 
describing the dependence o f  the m obility  (in the h igh  field, In p  oc p E 1/2 region) on 
tem perature (diagonal disorder), field and off-diagonal disorder,
w here C =  d p /d < r2 = 2.9 x 10"4 (cm /V s)1/2 (Borsenberger, Pautm eier and B assler, 1991). 
Thus experim ental data obtained on the tem perature and field  dependence o f  the
and off-diagonal disorder present w ith in  an experim ental sam ple.
A  further success o f  the D LH  m odel is in the explanation o f  the dispersive to 
non-dispersive transition  (D —> N D ) w hich is seen to occur in  m any organic solids as 
the tem perature is increased. F ig 4.17 shows sim ulated T O F decays at different 
tem peratures. It can be seen that the signals becom e increasingly  dispersive as the 
tem perature is low ered. In  this case the D -»  N D  transition  occurs i f  the  carrier 
relaxation tim e is shorter than the carrier transit tim e t* across the  sam ple. It w as found 
that the relaxation  tim e o f  hopping carriers increases m ore rap id ly  w ith  or than the 
carrier transit tim e and thus as the tem perature is low ered there m ust occur a critical 
value o f  disorder at w hich transport becom es dispersive <rc. The critical disorder 
param eter w as found by  Pautm eier et al. to be given by  the relationship
m obility  can be analysed using eq. 4.60 to obtain inform ation on  the degree o f  diagonal
(4.61)
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w here d is the sam ple thickness and a is the average intersite separation (Pautm eier, 
R ichert and B assler, 1989). The concept o f  hopping in  a gaussian  D O S thus im plies a 
N D  —> D transition  w hen the tem perature is raised  above
F i g .  4 . 1 7  S i m u l a t e d  T O F  d e c a y s  f o r  h o p p i n g  i n  a  g a u s s i a n  D O S ,  p a r a m e t r i c  i n  t e m p e r a t u r e .
T =
AAk,
(4.62)
The D LH  m odel has also been applied to the problem  found experim entally  o f  
anom alously broad  tails in TO F signals (Y uh and Stolka, 1988). The spreading o f  the 
TO F signals can be accounted for by  defining a d iffusivity  that consists o f  an ordinary 
therm al term  D 0 and a field  and disorder dependent contribution D f ( a , E) (Pautm eier, 
R ichert and B assler, 1991).
D iffusive broadening o f  a sheet o f  charge carriers drifting under the action o f  a 
bias field follow s E inste in ’s law  relating diffusivity  and m obility  provided  that the field 
is sm all, i.e. eEa/2kBT «  1 and the system  is hom ogeneous. In  a hom ogeneous system  
the hopping rate w ill be  a w ell defined quantity, how ever this assum ption is vio lated  in 
a diagonally  (or off-diagonally) disordered m edium . It w as show n earlier that carriers 
hopping in  a  gaussian D O S settle in the long tim e lim it to an energy a g2 /kBT below  the
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centre o f  the  D O S, the variance o f  the occupational D O S being  identical to the  w idth o f  
the D O S itself. The d istribution o f  jum p rates w ill vary  throughout the  D O Socc being 
low er than  average for carriers localised  in the low  energy ta il o f  the d istribution and 
h igher than  average for those in the h igh energy tail. It is th is distribution o f  hop rates 
w hich, i f  subject to an applied field, causes the non-therm al spatial spreading o f  the 
carrier packet. A  sim ilar effect to th is w as observed by  R udenko and A rkhipov w hen 
analysing transport o f  carriers v ia  a m ultiple trapping m echanism  in a gaussian 
d istribution o f  traps (Rudenko and A rkhipov, 1982).
A  recent review  o f  the m ain  points o f  the D LH  theory can be found in B assler’s 
1993 paper (Bassler, 1993).
4.4.3 Small polaron hopping
W e have already discussed the form ation o f  polarons in § 3.1.1 for the case o f  
conjugated polym ers. H ow ever, polaron form ation is no t restricted to these m aterials 
(although polaron  form ation is favoured in  low  dim ensional system s such as quasi-1-D  
polym ers), nor is it restricted  to polar m aterials (in  w hich polarons w ere first 
discovered) from  w hich polarons take their nam e.
Polarons have been suggested as being possib le charge carriers in  organic 
m aterials in keeping w ith  the low  intrinsic m obilities observed in  such system s. In the 
band m odel the effects o f  electron-phonon interaction are expected to be m inim al 
because the carrier’s w avefunction is represented by  a B loch  w ave and is delocalised 
throughout the solid. Thus the carrier’s charge can also b e  regarded as being  sm eared 
out over the entire solid and does no t have a significant effect on the positions o f  the 
lattice atom s. I f  transport proceeds by  hopping, how ever the m obility  w ill be  low  and 
thus the effective m ass high. U nder these circum stances the carrier (as seen by  nearby 
atom s) behaves like a po in t charge and due to its slow  m otion  the effect on adjacent 
atom s can be  significant, displacing them  from  their equilibrium  positions (fig. 4.18). I f  
the deform ation o f  neighbouring atom s is sufficiently strong the carrier m ay becom e 
self-trapped i.e. it lies at the bottom  o f  a potential w ell form ed as a result o f  its presence. 
This coupled unit o f  the carrier and the concom itant distortion is know n as a  polaron . I f  
the carrier is essentially  confined to a single site it is referred to as a sm all polaron .
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A t low  tem peratures polarons can m ove betw een sites w ithout therm al 
activation, and this corresponds to polaron band m otion. H ow ever, as a  result o f  the 
very  narrow  w id th  o f  the polaron band (-K T4 - 10'5 eV) at all reasonable  tem peratures 
polarons can be considered as m oving by  hopping betw een neighbouring sites. 
Furtherm ore, in d isordered m aterials the hopping regim e is likely  to be the only 
operative transport m echanism  for polarons as the random  fluctuations in site energy are 
likely to be  m uch greater than the polaron bandw idth. These pred ictions on the nature 
and transport o f  polarons have m ostly  resulted from  the w ork o f  H olstein  and Em in 
using the m olecular crystal m odel, w hich considers a single excess carrier placed in a 
ordered array o f  deform able m olecules, i.e. a m olecular crystal (Em in, 1973). It is not 
intended here to go into the details o f  polaron theory, bu t instead to quote the predicted 
effects o f  polaron form ation on the m obility  in organic solids. F urther inform ation on 
the details o f  polaron theory  can be found in M ott and D avis and in  E m in’s review  
(M ott and D avis, 1979; Em in, 1973).
H opping o f  polarons is activated because in  order for the carrier to m ove it m ust 
also transfer the resulting distortion o f  the lattice. Fig. 4.19 show s a polaron  form ed on 
a diatom ic m olecule and the resulting distortion that m ust occur to allow  the polaron to 
hop to its nearest neighbour. In  this case the m olecules are in an ordered 1-D array and 
are isoenergetic, therefore i f  the distortion o f  neighbouring m olecules is sim ilar so to 
w ill be their overall energies, and thus the polaron can transfer betw een sites. Note, 
how ever that po laron hopping is not restricted to ordered m aterials, bu t can also occur in 
disordered system s as long as energy levels coincide due to m olecular vibration.
The rate at w hich energy coincidences occur can be given by
w here co is a phonon frequency, ep the polaron binding energy and J  the exchange 
integral. The polaron hopping  frequency (and therefore m obility) is given by  the 
product o f  the rate o f  energy coincidence betw een tw o neighbouring  sites and the 
probability  P, given an energy coincidence that the carrier w ill hop. The hopping 
probability  is approxim ately given by
(4.63)
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p  = (4.64)
F i g .  4 . 1 8  I o n i c  l a t t i c e  i n  t h e  c a s e  o f  ( a )  n o  e x t r i n s i c  c h a r g e  c a r r i e r  p r e s e n t ,  a n d  ( b )  w i t h  a n  e l e c t r o n  a d d e d  
t o  t h e  c e n t r a l  a t o m . T h e  p o s i t i v e  i o n s  a r e  a t t r a c t e d  t o  t h e  e l e c t r o n  a n d  t h e  n e g a t i v e  i o n s  a r e  r e p u l s e d . T h e  
r e s u l t i n g  c h a r g e  c a r r i e r  a n d  d i s t o r t i o n  p r o d u c e  a  smallpolaron.
mm-
67
F i g .  4 . 1 9  ( a )  A  m o l e c u l a r  p o l a r o n  o n  a  d i a t o m i c  m o l e c u l e ,  ( b )  t h e  e x c i t e d  s t a t e  n e c e s s a r y  f o r  c h a r g e
t r a n s f e r ,  ( c )  m o l e c u l a r  p o l a r o n  o n  n e w  s i t e .
w here Atc is the “duration” o f  a coincidence o f  energy levels. Thus w e can w rite  for the 
polaron hopping rate
u = P kj  J (4.65)
This is the hopping rate in the lim it o f  zero electric field and can be converted to a 
m obility  using the E instein relation
M =
f ea
\k „ T )
co
2 n)
f
exp
V kBT J (4.66)
w here a is the interm olecular separation, note that J has been show n to be a explicit 
function o f  a.
Polaron  theory  predicts two regim es o f  behaviour for the m obility  depending on 
the probability  for charge transfer P. In the adiabatic  regim e the sites are in close 
proxim ity  and P=1 by  definition i.e. the  m obility  is determ ined entirely  by  the frequency 
o f  energy coincidences: w hen a coincidence occurs the carrier alw ays hops. D ue to the 
closeness o f  the hopping sites J  is large and can affect the activation energy, as a 
increases so does the activation energy because J decreases w ith  a. In  the non-adiabatic  
regim e the interm olecular separations are large (J is sm all) and thus P <  1, w hich m eans 
that in  the  event o f  an energy coincidence the carrier m ay  no t hop. This is due to the 
carrier adjusting too slow ly to keep up w ith  m otion o f  the lattice. In this regim e it is 
found that P o c  J2 c c  ex p (-2 a loca), and because J is sm all the activation energy is 
essentially constan t (ep/2).
Polaron theory  predicts a field dependence o f  the m obility  o f  the form
jll o c  [sinh(eEa / 2 ^ ST)] / E  (4.67)
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This has been  show n by  Schein et al. to be  inconsistent w ith  experim ental m obility  data 
w hich consistently  exhibit an exp (E 1/2) dependence (Schein et al., 1989).
Schein  et al. have applied the above ideas to  experim ental data taken  on a range 
o f  m olecularly  doped polym ers in  the zero field lim it (Schein et al., 1990). They w rite 
for the m obility
fd =  jL^a2 & xp[-2aloca ] e x p [-  A eff(a )  /  k j ]  (4.68)
w here ex p [-2 a Ioca] is the electron transfer integral, and As ^ a )  is the activation energy. 
A t fixed in term olecular spacing, A^CT( a ) i s  determ ined by  extrapolating m obility  data 
p(T ,E ), to  zero electric field and plotting In p (E  =  0) vs. T '1. T he term  jJq e x p [-  2 a loca]
for each value o f  in term olecular spacing is then determ ined b y  plotting 
ln [(p /a2)exp(A sc/k BT)] versus a. This technique allow s the dependence o f  AsCT on a to be
separated from  the dependence o f  exp[-2o f/oca] on a. The above authors found that for 
som e M D Ps AsCT w as constant w ith  a, w hereas the overlap term  could be  described by 
ex p (-2 a Ioca) e.g., D EH :poly(carbonate). How ever, for others they found that Ae0 was 
strongly dependent on a, w hereas e x p [ - 2 a loca \ w as independent o f  a e.g.,
TPD ipoly(carbonate) (Schein and M ack, 1988). This behaviour w as ascribed to sm all 
polaron hopping in different regim es. In D EH :poly(carbonate) the carriers m ove by 
non-adiabatic hopping, in this regim e the overlap is sm all (J is sm all) and thus the 
activation energy is approxim ately constant (see eq. 4.66), here the overlap is given by 
ex p (-2 a Ioca). The TPD rpoly(carbonate) data suggest adiabatic hopping, w here given an 
energy coincidence the carrier alw ays hops, consequently  the overlap does no t depend 
on a. A diabatic hopping occurs w hen the overlap is strong, and J m ay be  large enough 
to affect the activation energy, thus as the interm olecular spacing increases (J decreases) 
the activation energy should increase, eventually  reaching zJ2 . T he reason that 
adiabatic hopp ing  is observed in  TPD  and not in  D E H  w as attributed to  the  greater 
physical size o f  the TPD  m olecule, the h ighest in tersite separation studied w as o f  the 
order o f  the  length o f  the TPD  m olecule and it w as argued that there w ou ld  still be 
significant overlap betw een the m olecules at these concentrations. L ikew ise the sm all 
physical size o f  the D EH  m olecule m eant that the  overlap w as no t large enough to 
observe the adiabatic regim e.
69
In  a later paper Schein, G latz and Scott (1990) used eq. 4 .68 to interpret their 
data on tri-p-tolylam ine (TTA ). They observed that the activation energy at first 
increased as the intersite separation increased and then levelled out at a  constant value
(sp/2). T he overlap function e x p [ - 2 a /oca] w as found to behave in  an opposite m anner.
They attributed these observations to a transition from  adiabatic to non-adiabatic sm all 
polaron hopping.
T hus the polaron  theory  relates the in term olecular separation and the 
tem perature dependence o f  the m obility  in M D Ps to the m aterial param eters ep/2 and J. 
H ow ever it is found that the values for the param eters J and the p re-factor obtained from 
experim ental data are often larger than those predicted  b y  the original po laron  theory. It 
has been  suggested that the reason for this is that the original one optical phonon, one 
dim ensional theory needs to be  extended into a three dim ensional, m ultip le phonon 
m odel also incorporating the effects o f  disorder to tru ly  be applicable to M D Ps. A  
second m ajor dow nfall o f  the polaron theory in  describ ing transport in M D Ps is that it 
cannot account for the experim entally  observed electric field dependence. A gain further 
refinem ent o f  the original po laron  theory m ay provide an explanation for this, bu t to the 
au thor’s know ledge this has not yet been attem pted.
4.4.4 Summary
O ver the past five years the disorder lim ited  hopping theory  has com e to the fore 
and is now  generally  used as a zero order approach for analysing experim ental data on 
M D Ps as w ell as other organic m aterials. This is due m ainly  to the fact that it is able to 
explain the experim ental results m uch m ore com pletely  than po laron  theory, (for 
exam ple the m obility  field dependence), but it is also due to experim ental findings that 
the contribution o f  po laron form ation to the activation energy is often  m uch sm aller than 
that o f  diagonal disorder. S ite-selective fluorescence spectroscopy yields a Stokes shift 
w hich is about an order o f  m agnitude less than the activation energy obtained from  the 
gaussian  w id th  cig (M ahrt, Y ang and B assler, 1992), and analysis o f  charge transport in 
crystalline naphthalene suggests a polaron b inding energy o f  16 m eV  only (K enkre et 
a l , 1989).
Several recent papers have indeed used the D L H  theory as a zero order approach, 
how ever it has been found that often the existence o f  disorder in organic sam ples cannot
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fully account for the activation energy. In  som e cases analysis o f  p (T ) data using the 
D LH  theory and o f  the  am ount o f  d ispersion in TO F lineshapes yield  different values 
for the gaussian w id th  crg; that for the form er being greater. S ince the degree o f  
diagonal d isorder is reflected by  the am ount o f  d ispersion in  the TO F signal 
d isagreem ent betw een the values o f  a g derived by  the above m ethods suggests a further 
activated com ponent contributing to the m obility  activation energy (Pautm eier, R ichert 
and Bassler, 1991). In these cases polaron form ation has been invoked to provide this 
com ponent, w hich is not an unreasonable assum ption due to the inevitable difference 
betw een the configurations o f  a  neutral transport m olecule and a radical cation or anion 
(G oldie et a l ,  1993; H epburn, 1995; H eun et a l ,  1995). A nother possib le  origin o f  this 
extra com ponent could also be the existence o f  shallow  trapping states due to im purities 
or structural states form ed by  specific alignm ents o f  neighbouring m olecules (Zboinski, 
1983).
O ne o f  the m ain  criticism s o f  the D LH  theory is the use o f  the M iller-A braham s 
jum p  rate (eq. 4 .50) w hich ignores polaronic effects and yet assum es that the electron- 
phonon coupling is strong enough to dissipate energy in  dow nw ard hops. The 
problem s, m entioned above, that the D LH  theory has m et in explaining som e 
experim ental results has led to the suggestion o f  adding polaronic effects to the D LH  
m odel. This could  be effected by  adding a further B oltzm ann factor to the jum p  rate 
w ith an activation energy o f  gp/2 resulting  in an activation energy com prised o f  a 
disorder com ponent and a polaronic com ponent
A e ^ A e 1”' +&£"“ = ^ -  +  ^ <rg6- (4.69)
w here Aedls and Aspo1 are the activation energies due to d isorder and polaron  form ation, 
respectively. Sm all contributions to the activation energy due to po laron  form ation are 
consistent w ith  data  analysis by the D LH  theory (Bassler, 1993), how ever the effects o f  
larger contributions, particularly  on the m obility  field dependence has yet to be 
investigated. Sim ulations involving the effects o f  polaron form ation have not yet been 
attem pted.
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5. Computer simulation
M any problem s involving charge carrier transport in  disordered m aterials (such as 
organic sem iconductors) are either analytically  intractable or solvable only w hen h ighly  
artificial assum ptions are m ade. H ow ever, in  principle, an arbitrary com plexity  can be 
introduced into a num erical sim ulation o f  transport; in  practice lim itations o f  storage 
space and com puting tim e constrain w hat can be done.
The increased availability  o f  cheap com puting pow er has led to the w idespread 
developm ent o f  sim ulations incorporating a range o f  transport processes. In  th is w ork, 
two m ethods have been em ployed:
1. a M onte Carlo (M C) m ethod, w hich utilises random  num bers to specify the 
probabilities for transport events.
2. a m atrix  m ethod, w hich solves num erically  the appropriate rate equations w ith in  a 
discretised density  o f  states.
Each m ethod and its im plem entation is discussed in detail below . The prim ary  purpose 
o f  this w ork  w as to give som e insight into w hich transport m odel (hopping, trap-lim ited  
hopping or m ultip le trapping) m ost closely approxim ates the observed experim ental 
behaviour o f  the  oligom er films. In terest in the m atrix  m ethod grew  w hen it w as 
discovered that run tim e constraints w ere beginning to lim it the usefulness o f  the M C 
m ethod.
5.1 The Monte Carlo method
The M onte Carlo m ethod uses random  num bers to specify the outcom es o f  
certain  events. The M C  m ethod has been  used extensively over the past tw enty  years to 
sim ulate bo th  m ultip le  trapping and hopping transport in  idealised  am orphous system s 
and these sim ulation have generally  m odelled the tim e o f  flight experim ent in  order to 
exam ine the tem perature and field dependence o f  the carrier m obility. H opping  in a 
spatially  random  array o f  isoenergetic sites (off-diagonal disorder) w as pred icted  to lead 
to dispersive transport according to the m odel o f  Scher and M ontroll (Scher and
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M ontroll, 1975). This situation w as first exam ined em ploying the M C  m ethod by 
M arshall, w ho show ed that dispersive transport w as restricted  to the first few  percent o f  
the transit tim e (M arshall, 1978), although he d id  observe an anom alously  long tail in 
the transients. This show ed that Scher and M ontro ll’s m odel w as over-em phasising the 
effect o f  spatially  isolated sites; in general the average carrier w ill avoid  these sites 
because they  are as difficult to enter as they are to leave. H ow ever the long tail did 
suggest that the  carriers could no t to ta lly  avoid paths w hich  included d ifficult jum ps.
T he corresponding problem  o f  w hether d iagonal disorder leads to dispersive 
transport w as studied by  Schonherr et a l  w ho investigated  hopping in  a gaussian DOS 
(Schonherr et a /., 1981). They found that significant d ispersion occurred provid ing  that 
cjg/kBT >  1 and eEa/crg < 1, w here crg is the w idth  o f  the D O S and a is the intersite 
distance. H ow ever i f  the w idth  o f  the DOS is sm all transport becom es gaussian before 
the transit tim e and as the tem perature is low ered a transition  from  non-dispersive to 
dispersive transport occurs. Since the w ork o f  Schonherr et a l  M C  sim ulations have 
been extensively  used to verify  the predictions o f  the d isorder lim ited  hopping m odel 
(Bassler, 1993), and sim ulations incorporating both  diagonal and off-diagonal disorder 
have been  developed and studied.
The general approach to sim ulating a TO F experim ent using the M C  m ethod is 
discussed below . The program  w ritten  by the author follow s a sim ilar form  and is listed 
in appendix B.
A  regular space lattice is set up using three one-dim ensional arrays (100,60,60), 
w ith each value o f  x, y and z representing one site. The energy o f  each o f  the 360 000 
sites is chosen at random  using a gaussian random  num ber generator. A  carrier is 
started at a random ly chosen site on the x =  1 plane. T he electric field  points in the +x 
direction. The probability  that the carrier w ill hop to a site Xj, y,-, Zj from  the starting 
poin t x i? ys, Zj is
(5.1)
w here
(5.2)
73
providing that si - e{ +  eE(Xj - X |)>  0. I f  Sj - 8j + eE(xj - Xj) < 0, then
iq>- =  q>exp - 2  a hea —
a j
(5.3)
In the above Vy is the average hop frequency betw een sites i and j ,  a Ioc is the inverse 
w avefunction decay length. To approxim ate off-diagonal d isorder 2 a loca is expressed as 
the sum  o f  tw o term s characteristic o f  the sites i and j separately, i.e. 2 a Ioca =  = T i +
Tj. B oth Tj and T) vary  random ly according to a  gaussian distribution. In the 
com putation <Fij> =  10, in line w ith values used by  o ther w orkers (Pautm eier, R ichert 
and Bassler, 1991). The sum  over j in eq. 5.1 includes the nearest 125 sites, this w as 
found to provide a good trade-o ff betw een program  run  tim e and com putational rigour. 
This approxim ation is ju stified  by  the fact that the w avefunction overlap term  in eq. 5.3 
is reduced from  4.5 * 10'5 for a nearest neighbour transition  to 1.9 * 10'22 for a transition 
o f  distance 5a.
A  random  num ber from  a uniform  distribution determ ines the site hopped to 
w hich is w eighted by  its length in random  num ber space according to the  value Py. The 
tim e for the jum p  is given by
1
M
(5.4)
w here xei is taken from  an exponential distribution o f  random  num bers. The carrier is 
now  on a new  site and the procedure is repeated. The carrier is follow ed and its position  
noted as a function o f  tim e until it reaches the x =  100 plane. A t this point the 
com putation is term inated. This process is repeated for a large num ber o f  carriers to 
obtain the average displacem ent w ith tim e for all the carriers (x(t)). The current is 
calculated using i(t) =  eN (t)(x(t))/L t, w here N (t) is the num ber o f  rem aining hopping 
carriers at tim e t and L  is the sam ple length. The tem poral evolu tion  o f  the average 
energy can also be follow ed. Once all the carriers have been extracted  the program  
finishes.
In the present w ork  w e are m ore interested in  the sim ulation o f  the transient 
photocurrent decay experim ent. The above M onte C arlo program  w as thus m odified to
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allow  carriers to  continue through the hopping array on arrival at x =  100, ra ther than 
being extracted, w hich w as sim ply achieved b y  re-injecting them  at x = 0 and noting 
their total displacem ent in the x-direction. Thus in this m odified program  the num ber o f  
hopping carriers is constant and therm alisation o f  carriers can be  observed to arbitrary 
tim e intervals after creation. The above situation is sim ilar to TO F in a very  thick 
sam ple w ith  no recom bination, and the tem poral evolution o f  the current directly  
reflects that o f  the m obility , p(t).
The M onte Carlo sim ulations agree w ell w ith the predictions o f  the D LH  theory, 
how ever they suffer from  excessive run-tim e problem s, often tak ing  over a day to run, 
and the results are generally  quite noisy. The results could be  m ade less no isy  by 
increasing the num ber o f  carrier sent through the array but this greatly  increases the run­
tim e.
5.2 Matrix techniques
This sim ulation m ethod has been  used to m odel m ultip le trapping transport and 
is described in  M ain  et a l  (1991). In this m ethod one starts w ith  a  particu lar DOS 
distribution w hich  is divided into a num ber o f  discrete levels o f  w idth  As <  k BT, 
resulting in  typ ically  100 discrete D O S levels p lus the conduction and valence bands 
(see fig. 5.1). R ate equations can then be w ritten  for the conduction and valence bands 
and for the localised levels.
For electron m ultiple trapping the rate  equation for free electrons in  the 
conduction band is,
^ 7  = - X ” C „ A . + Y j ”jC„nt  (5.5)
a t j j
w here the first sum  represents electron capture from  the conduction band into the 
distribution o f  localised gap states, and the second represents electron release from  the 
gap states to the conduction band. In 5.5 N tj is the density  o f  em pty, localised states at 
level j ,  Cnj is the  capture cross-section, n tj is the density  o f  filled electron states at level j 
and Cnj/Tj is the electron release rate from  this level.
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F i g .  5 . 1  D i s c r e t i s e d  D O S  u s e d  i n  f i n i t e  d i f f e r e n c e  s i m u l a t i o n s
The rate o f  change o f  the trapped electron density  at level j  is given by:
= nC„jN,j - n jC ^ j  (5.6)
Sim ilar equations can be w ritten  for holes.
In the sm all tim e step St, the changes in  the free and trapped electron densities 
8n and 8nt are given by
Sn = - ’L nCv N , j + H nj c , jn,j a
and
5n, = \ nC»iN ,j - nj c 4ni]&
(5.7)
(5.8)
Thus in  going from  step i to step i+1 w e have
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(5.9)n i + l = r i + Sn
and
i'.+1tjn’: ' =  n\; +  Sn.: (5.10)
The calculation o f  the evolving electron density  can be w ritten  for all states in m atrix 
form  as
[« '- ']  =  M ][« ']  (5.11)
w here [A] is the transition  m atrix, w hich for electron m ultiple trapping has the form 
given in fig 5.2.
A u A] 2 A \j ... ... A n
A j i A 22 0 0 0 0
A ji 0 A , 0 0 0
• 0 0 • 0 •
* 0 0 0 • •
A m 0 0 ... ... A nn
F i g .  5 . 2  T h e  t r a n s i t i o n  m a t r i x  f o r  e l e c t r o n  m u l t i p l e  t r a p p i n g .
w here,
4 . = 1  - C . 2 X *
j
(5.12)
A j  =  Cnn,jSt (5.13)
Aji =  CnN «& (5.14)
A j = I ~ c A',,St (5.15)
It can be seen that in  th is case only row  1 (electron release) colum n 1 (electron capture) 
and the diagonal elem ents (electron capture and release) are non-zero. The length o f  the 
tim e step can be increased as follows
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or
[« M ] = [ 4 K ' ]  = [ / ( ] [ 4 » ' ] (5.16)
[ n ' ] = U ] V ]  (5.17)
w here [A]1 is the i111 pow er o f  the transition m atrix  and [n°] is the in itial condition. The 
application o f  eq. 5.17 leads rapidly  to the generation o f  long tim e steps, the solutions 
being  read from  the m atrix  at the required interval. The form  o f  the  transient depends 
on the m atrix  [n°], w hich defines the k ind o f  excitation. F o r TPC  w e use
1
0
(5.18)
In order to m ake the above sim ulation technique m ore appropriate for organic m aterials 
the basic rate equations for m ultiple trapping w ere m odified  to allow  m ovem ent 
betw een localised levels i.e., hopping transport is incorporated. The rate equation for 
trapped electrons at level j  then takes the form:
rate o f  change o f  n t in level j  =  e‘ capture from  CB - e' release to CB 
- hop out to another localised level +  hop in from  another localised level
w hich can be w ritten  as
dn,j
d t = nC»jN ,j -  nj c „jn,j - 2X
N .^II
\  G't J v o exp
si ~ £j
, J - 2 a ,  R 
k BT  loc
M S )
exp
s ,  -  s,
, J  ~ ^ a ,x R
k„T
(5.19)
w here GT =  £  N tj is the sum  density o f  localised states, u 0 is the attem pt to escape 
frequency and a  is the inverse w avefunction decay length. For a sim ple cubic lattice 
w ith constant hop distance w e can sim plify the hop term s in eq. 5.19 by  introducing the 
hopping equivalent o f  the capture coefficient (Cn =  U(/Nc) w hich is denoted  Ch i.e.,
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(5.20)-  Q " » T X - exP
ei ~ ej
k j
+ ChN,y,n„evp £i ~  £i
k„T
hop out hop in
w here
C» =
6t>„ e x p (-2  a hcR)
g t
(5.21)
thus Cn and Ch are related  by
C, = Cn
6 N C e x p (-2 a heR)
(5.22)
The B oltzm ann factor for hops up and dow n in energy is defined to be equal to unity  for 
dow nw ard hops as in the M C  sim ulations i.e.
f
exp
V
A s } r
k BT )
= exp
V
A s }
_ A s '
k BTj
=  1
e >  0 (5.23)
s < 0 (5.24)
The new  set o f  rate equation for each localised level requires that new  term s be  added to 
the transition  m atrix , w e now  have
A y  = ChN tJ exp 
=  1 “  CnAyS‘ -  Ch X  N„ exp
S j- e ,A
V k RT
St
/  ^ 
1 S i- S i
\  k BT
St + ChN (jSt
(5.25)
(5.26)
The addition o f  the above term s to the transition m atrix allow s m ultip le trapping 
(betw een localised levels and the conduction band) and hopping (betw een localised 
levels) to occur sim ultaneously.
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This m ultip le  trapping/hopping program  can give the electron density  in the 
conduction band and the occupation o f  the localised state as a function o f  tim e, how ever 
its m ain  u tility  in  the present context is that it can be used in  either M T  and/or hopping 
m ode. The hopping  term s in the transition m atrix  (eqs. 5.25 and 5.26) can be zeroed by 
setting the hopping  coefficient Ch to zero, and the program  becom es solely a m ultiple 
trapping sim ulation. A lternatively the program  can be used in hopping-only  m ode by 
displacing the localised states from  the conduction band, for exam ple by  say  5 eV, 
ensuring that electrons cannot reach the band and m ust therefore m ove by  hopping 
alone. O bviously  the ratio o f  hopping to m ultiple trapping depends on  the density  and 
depth o f  the localised states and the absolute tem perature.
The hopping  contribution to the overall conductivity  is deduced using the 
E instein relation,
( 5 ' 2 7 )
w here
D , = - u , R 2 (5.28)
1 6 J
in eq. 5.28 Dj is the diffusion coefficient o f  level o f  level j and Uj is the corresponding 
hopping frequency. The hopping conductivity  o f  level j  can then be  w ritten
° j = nije^ j  (5 -29)
Uj in  eq. 5.28 is equivalent to the probability  per second o f  a carrier jum p ing  out o f  level 
j  and is given b y
° i  =  Q X X exP
/ k j
(5.30)
thus the conductiv ity  o f  level j  can be w ritten
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(5.31)
but
« ,; (0  = a ji(‘ ) (5.32)
SO
(5.33)
The total hopping conductivity  is the sum  over the m atrix  elem ents Aj, and the hopping 
rates Uj
The free electron or conduction band contribution to the conductivity  is sim ply given by 
the density  o f  free electrons m ultiplied by  the CB m obility.
I f  m ultip le trapping and hopping are occurring sim ultaneously the conductiv ity  is 
sim ply the sum  o f  eqs.5.34 and 5.36.
The above described program  has been developed and w ritten  by  the au thor’s 
second superv isor C. M ain  and is as yet unpublished. For this w ork  the localised gap 
states have been  given a gaussian distribution to enable the author to com pare this new  
sim ulation technique w ith  the predictions o f  the  D LH  theory and the M C program  
described in  § 5.1. It is not the intention in this chapter to go into a lengthy com parison 
o f  the m atrix  program  w ith  the M C sim ulations, how ever a few basic points should be
(5.34)
° > « ( 0  = » tf( 0 e ^ (5.35)
H ere n is given by  A n , thus
Cfree(0 = A l ( 0 e M j (5.36)
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pointed out. Firstly, initial testing o f  the program  by  the au thor has show n that 
qualitatively, the m atrix  technique program  used in  hopping-only  m ode agrees w ith  the 
general results obtained from  the M C  sim ulations. The hopping current is found to 
therm alise in  a certain tim e interval to a steady state value, bo th  o f  w hich are dependent 
on the relative degree o f  (diagonal) disorder GTg/kBT; as cjg/kBT  decreases the relaxation 
tim e increases and the steady state conductivity  decreases. A t present the m atrix 
program  yields values for the relaxation tim e w hich are several orders o f  m agnitude too 
sm all, i.e. therm alisation is occurring too quickly. The program  can also give the 
occupation o f  the localised levels at certain tim e intervals, in this case the program  again 
gives only  qualitatively  sim ilar behaviour to that predicted by  theory and sim ulation. 
T heory and M C  sim ulation predict that the hopping carriers should relax to  an average 
energy given by  a g2/kBT (see eq. 4.52), assum ing an occupational density  o f  states o f  
w idth a g. It is found how ever that the m atrix program  does not give correct values for 
this “equilibration energy” , the carriers therm alising to an energy closer to the centre o f  
the D O S than predicted. The reason(s) for these discrepancies have not yet been 
determ ined. V ariation o f  the adjustable param eters in the com m and file for the program  
does not affect the relaxation problem s m entioned above. The m ost likely reason for the 
relaxation problem s is the absence o f  an applied field in the m atrix  program . H opping 
transport is field dependent (unlike m ultiple trapping); the application o f  a  field shifting 
energy levels (in the field direction) into closer coincidence, and therefore providing 
m ore possibilities for relaxation. It m ight be expected that in  the absence o f  field- 
assisted therm alisation carriers w ould equilibrate m ore rapidly, explaining the fast 
therm alisation and inaccurate equilibration energy.
The m atrix program  thus prom ises to be a novel alternative to M C  sim ulations 
for organic m aterials, its m ain  advantage being one o f  com putational speed. The M C 
program  took  m any hours to run  necessitating that it be left overnight, and som etim es 
longer than this i f  m any carriers are averaged to long tim es C om pared to th is the m atrix  
technique usually  only takes a couple o f  m inutes to run on a PC.
A t present there are several im portant points w hich the m atrix  technique cannot 
deal with:
1. As this technique w as initially  developed for m ultiple trapping, a  m obility  field 
dependence is no t included. This is acceptable for the free carrier m obility  bu t the 
hopping m obility  is likely to be strongly field dependent.
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2. It w as show n above that the calculation o f  the hopping conductiv ity  w as derived 
using the E instein  relation, how ever due to the  presence o f  significant field assisted 
diffusion in organic m aterials the E instein relation is not alw ays valid.
3. O ff-diagonal disorder is not accounted for in the hopping process. V ariable range 
hopping could be  included bu t at p resent only nearest ne ighbour hopping is 
considered.
B oth sim ulation m ethods w ill be used throughout this w ork to gain insight into the 
transport m echanism  and the form  o f  the DOS in  the studied m aterials.
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6. Experimental methods
This chapter describes the m aterials preparation and characterisation techniques 
used in  this w ork. F irstly  a  description o f  the m aterials studied and the tw o deposition 
m ethods em ployed to prepare the thin film s is presented. This is follow ed by  details o f  
the characterisation techniques used to obtain inform ation on carrier transport. This 
chapter concludes w ith  a discussion o f  the experim ental difficulties encountered in 
perform ing m easurem ents on the organic sam ples studied here.
6.1 Materials studied
The m aterials studied in this w ork  are oligom ers i.e. short chain polym ers. 
O ligom ers are o f  particu lar interest because they can be considered as m odel system s for 
polym ers, bu t benefit from  being easier to prepare in  a pure form  because in general 
polym erisation, w hich alw ays leaves residual im purities, is no t necessary  (B arth et a i ,
1997). The oligom ers studied here derive from  substituted poly(thienylenevinylene)s 
and poly(acene). The oligom er deriving from  poly(acene), know n as pentacene, 
how ever is norm ally  no t considered as an oligom er bu t as a sm all m olecule in  its ow n 
right; this is because poly(acene) has no t as yet been synthesised. The chem ical 
structures o f  pentacene and the thienylenevinylene oligom ers (TV Ts) are depicted in fig. 
6 .1.
6.2 Sample preparation
D eposition o f  the m aterials used in  th is w ork  w as carried out at the U niversity  o f  
Sw ansea. The oligom ers studied have been  prepared as th in  film s v ia  tw o m ethods, (i) 
therm al evaporation (TE); and (ii) pulsed laser deposition (PLD ), w hich are described 
below .
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(A) Pentacene
(B) TV D
(C) TVB
(D) TV C
F i g .  6 . 1  C h e m i c a l  s t r u c t u r e s  o f  o l i g o m e r s  s t u d i e d  i n  t h i s  w o r k .
6.2.1 Thermal evaporation
Therm al evaporation is particularly  suited to the deposition  o f  single com ponent 
organic solids because o f  their low  m elting  points resu lting  from  the  w eak 
interm olecular bonding forces. Thus m any different m olecular m aterials can be 
deposited by  evaporation. This is one o f  the m ain  advantages that organic m aterials 
have over electronically-active inorganic am orphous sem iconductors w hich  often 
require com plex deposition techniques. R ecent w ork by  V aterlein  et a l  has also show n
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that therm al evaporation o f  oligothiophenes stored in  air before deposition  actually 
rem oves absorbed oxygen and thus purifies the m aterial (V aterlein  et a l , 1996). 
Subsequent exposure to am bient atm osphere is found to oxygen dope the thin film s 
giving rise to h igher levels o f  conductivity.
Pentacene and the TV T derivatives w ere deposited by  a conventional therm al 
evaporation technique using an Edw ards E306A  coating system. The m aterials w ere 
deposited from  a heated tungsten boat at a pressure o f  10'6 torr onto C om ing  7059 glass 
substrates w ith  electrodes already deposited (also using  the E306A ). T arget substrates 
w ere m ounted on a tem perature-controlled holder to allow  th in  film s to be deposited at 
different tem peratures.
6.2.2 Pulsed laser deposition
F or a historical overview  o f  the developm ent o f  pulsed laser deposition and 
further inform ation the reader is directed to the book by  Chrisey and H ubler (Chrisey 
and H ubler, 1994). Fig. 6.2 shows a schem atic experim ental set-up o f  the PLD  system  
used  to deposit the pentacene th in  film s (only pentacene w as deposited  b y  PLD ). A n 
excim er laser (KrF, Lam bda Physik  LPX  105) w ith  a w avelength o f  248 nm  (5 eV) and 
a beam  size o f  2.5 cm  x 0.7 cm  w as used to ablate the pentacene. The pentacene sam ple 
w as held in  a glass crucible below  the substrate in  a vacuum  cham ber (~10 '5 torr), the 
substrate tem perature w as again controllable. D eposition  was achieved by  operating the 
laser at 50 H z (23 ns pulses) w ith  a pow er o f  6-8 W , 3000-4000 pulses w ere applied as 
the laser w as scanned across the sam ple. Sam ples w ere deposited at room  tem perature 
160 °C and 200 °C and generally  had  a th ickness o f  1 pm .
Structural studies o f  the thin film s w ere not carried out in  this w ork, m ore 
inform ation on this can be found in the  w ork o f  Salih  et al., w ho also com pare the 
properties o f  th in  film s deposited by  TE  and PLD  (Salih  et al., 1996; Salih, M arshall 
and M aud, 1997). It has been dem onstrated that pentacene film s deposited  at low 
tem peratures (~20 K) are am orphous, how ever, on  raising such sam ples to room  
tem perature crystallisation occurs (E ierm ann et a l., 1983). Salih, M arshall and M aud 
(1997) perform ed a SEM  study o f  pentacene th in  film s deposited b y  T E  and PLD  and 
found that at room  tem perature both techniques yield  crystallites o f  0.1-0.2 pm . As the 
tem perature is raised the grain size is found to increase, w ith  the PL D  m aterial
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developing a more interconnected granular structure. The thin films used in this work 
are likely to be very similar to those described by Salih et al. (1996) as they were 
prepared in the same labs. No specific structural studies o f the thienylene-vinylene 
oligomers has been carried out, it is expected however, that similar results to those 
obtained for pentacene are likely to apply.
p u m p
Fig. 6.2 Schem atic diagram  o f the apparatus em ployed for pulsed laser deposition o f  pentacene thin
films.
6.3 Experimental sample configuration
The electrode configuration o f the experimental samples used in this work are o f  
two types, (i) coplanar gap cell, and (ii) sandwich cell. These two types o f samples are 
shown in fig. 6.3. The majority o f work has been done with coplanar sample 
configurations, using either a simple gap cell with two electrodes or an interdigitated 
Philips mask. The Philips mask corresponds to two electrodes o f  8.5 cm length with a 
50 pm electrode gap, cf. the simple gap cell where the electrode length is 2.5 cm. The 
Philips mask is generally preferred over the simple gap cell geometry because the 
currents achievable at fixed field are higher due to the greater effective conduction 
cross-section.
The coplanar samples are all approximately 1pm thick whereas the sandwich 
samples have a thickness o f either 2pm or 4pm. The electrodes are aluminium unless
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otherwise stated; connections to the external circuit are made by scraping away some of
the oligomer and affixing thin aluminium wires using RS silver paint.
Electrodes
Oligomer
d t i
Corning 7059 glass
Electrodes
2.5 cm |
(w)
50 n m  (Lgop)
0.2 cm
◄------►
0.2 cm
(A) Coplanar gap cell (B) Sandwich cell
Fig. 6.3 S am ple configu ra tions used  fo r characterisa tion  o f  o ligom ers
6.4 Sample measurement chamber and sample holder
The sam ple cham ber and holder described here were used for all m easurem ents 
except the steady state photocarrier grating experim ent (SSPG ). Fig. 6.4 shows a 
sim plified diagram  o f  the vacuum  cham ber and the sam ple holder. A ll m easurem ents 
except w here stated otherw ise were perform ed w ith  the vacuum  cham ber evacuated, 
usually  w ith  the rotary pum p only, providing a pressure o f  ~10 '3 torr. The higher 
vacuum  achievable using the diffusion pum p (~10 '5 torr) w as in general found to be 
unnecessary and this pum p w as therefore used infrequently due to the  extended 
pum ping dow n tim e.
The sam ple w as held vertically  on the sam ple stage by  silicone grease and was 
attached to the  external circuit via B N C  vacuum  leadthroughs. A lso situated  on the 
sam ple stage w ere a tem perature sensor, tw o resistive heaters (one contro lled) and a 
LED holder for perform ing TPC w ith optical bias.
88
BNC
Rotary and diffusion pumps
Fig. 6.4 D iagram  depicting the sample holder and vacuum  chamber used for experim ental
characterisation.
The sample stage was attached to a cold finger ending in a liquid nitrogen bath. The 
temperature was controllable to ± 0.1 K by an Oxford instruments digital temperature 
controller (model DTC-2) which powered one o f the resistive heaters on the sample 
stage. The other heater was used for working against the liquid N2 when high 
temperatures were required and was driven by a standard power supply, this heater was 
only manually controllable. Thus the temperature could be varied accurately from 
slightly above 77 K to the highest temperature the oligomer can withstand without being 
damaged.
The sample was illuminated via a port on one side o f the vacuum chamber either 
through a quartz window or a light pipe.
89
6.5 Steady state techniques
Steady state m easurem ents are those in  w hich the pho ton  flux and thus the 
carrier generation rate  are constant w ith  tim e, thus the value o f  the resulting 
photocurrent is tim e invariant. The steady state techniques em ployed in  this w ork 
include sim ple photocurrent m easurem ents as a function o f  tem perature, field, excitation 
intensity  and excitation w avelength, and a m ore com plex m ethod, the steady state 
photocarrier grating technique, SSPG. M easurem ents o f  the  dark  current and its 
tem perature and field  dependence w ere also carried out. O ptical absorption, 
transm ission and reflectiv ity  m easurem ents are also defined here as steady state 
techniques although they do not resu lt from  the m easurem ent o f  dark current or 
photocurrent.
For sim ple photocurrent m easurem ents as a function o f  a given variable a 
constant, uniform  photon  flux w as directed onto the sam ple surface v ia a light pipe 
arrangem ent and the total current m easured using a K eithley 617 electrom eter. The 
photocurrent w as obtained by  subtracting the dark current (w hich is also m easured) 
from  the total current. It w as often necessary  to w ait for extended periods o f  tim e (5 
m ins or longer) for the photocurrent to stabilise (see § 6.6.6).
6.5.1 Light sources
A ll steady state m easurem ents except SSPG  and C PM  w ere perform ed using 
LEDs o f  various w avelengths connected to the end o f  a perspex light pipe (length 12.5 
cm  and diam eter 7 m m ) w hich w as used to direct light onto the sam ple surface. The end 
o f  the light p ipe w as positioned about 10 m m  above the sam ple gap. A  Thurlby PL320 
pow er supply w as used  to drive the LED , and a F luke 8022-B digital m ultim eter w as 
used to determ ine the LED  current (see fig. 6.5). The LED output w as m easured w ith  
either a BPX -65 (active area 1mm2) o r a  H ew lett-Packard 5082-4207 (active area
0.8m m 2) p in  photodiode w hich w ere already calibrated for sensitiv ity  (i.e. photon  flux 
per am p) vs. w avelength  (M erazga, 1990).
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F i g .  6 . 6  C a l i b r a t i o n  c u r v e  f o r  M a r l  1 1 0 1 0 4  h i g h  i n t e n s i t y  g r e e n  L E D ,  X = 525 n m .
91
Thus it w as possib le to obtain calibration graphs o f  photon flux vs. LE D  current for 
each w avelength  o f  LED by  m easuring the photodiode current induced by  a certain  LED 
current and using  the photodiode sensitivity  reading at tha t w avelength  to convert from 
photodiode current to incident flux.
W hen calibrating the LED s the light pipe w as em ployed and kept at a sim ilar 
distance from  the photodiode as from  the sam ple (z-axis), the photodiode current 
(m easured w ith  the K eithley 617) w as then m axim ised at this distance by  m anoeuvring 
the LED  in the x-y plane. Figs. 6.6 - 6.8 show the calibration graphs for the LED s used 
in  this w ork.
F i g .  6 . 7  C a l i b r a t i o n  c u r v e  f o r  H e r o  N L P B  5 0 0  b l u e  L E D ,  X  =  4 5 0  n m .
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F i g .  6 .8  C a l i b r a t i o n  c u r v e  f o r  S t a n l e y  H S 3 0 0 0  r e d  L E D ,  X  =  6 5 4  r u n .
6.5.2 Optical absorption and photocurrent action spectra
The absorbance o f  all the oligom ers vs. photon  energy w as m easured using a 
Perkin-E lm er L am bda 2, uv/vis spectrophotom eter. The absorption p lo ts w ere recorded 
using the thin film  sam ples on glass w hich should be kept in  m ind  w hen studying the 
spectra. The spectrophotom eter produced data o f  absorbance vs. w avelength , w hich has 
been converted to photon  energy in figs. 7.1-7.4. The absorbance is defined as ln(Io/I), 
thus from  the absorbance a rough value for the absorption coefficient can be determ ined 
using B eer’s law. N ote  how ever that this does not take account o f  any reflection and the 
values so obtained for a  should not therefore be considered as accurate.
The photocurrent action spectra w ere recorded using the experim ental set-up 
depicted in fig. 6.9. The procedure w as as follows. The sam ple/experim ental system  
response due to a  fixed photon  flux from  the bulb is am plified and m easured using a 
lock-in am plifier. The controller com puter program  then changes the w avelength  v ia  a 
stepper m otor connected to the m onochrom ator. A t each w avelength  the sam ple current 
and the detector current are m easured, and the sam ple current is then  norm alised w ith 
respect to the photon flux.
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Fig. 6.9 Photocurrent action spectrum measurement system.
6.5.3 The steady state photocarrier grating technique (SSPG)
The steady state photocarrier grating experiment was performed by the author on 
the oligomeric samples using an experimental system at the Carl V. Ossietsky 
University in Oldenburg, Germany. Although the SSPG technique has been used 
extensively on materials such as amorphous silicon and GaAs in order to determine the 
ambipolar diffusion length, it has not to the author’s knowledge been performed on 
organic materials.
A schematic diagram o f  the experimental set-up for the SSPG technique is 
shown in fig. 6.10. A detailed description o f the SSPG technique can be found in the 
papers o f Ritter et al. (1986, 1987, 1988 and references therein), and only a short 
description o f the technique is given here. In SSPG the sample is illuminated by two 
coherent light beams o f different intensities which interfere and create an interference 
pattern in the form o f a small photocarrier grating superimposed on a large, uniform 
background carrier density. If the grating period exceeds the carrier diffusion length, a 
well-defined photocarrier grating is created in the material. However, if  the grating 
period is smaller than the diffusion length the sample will end up being almost 
uniformly illuminated, resulting in uniform carrier densities. The amplitude o f  the 
grating, which depends on the carrier diffusion lengths, can be estimated by measuring
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the photocurrent perpendicular to the grating fringes at low  applied fields. Since the 
grating m inim a have a h igher resistivity  than the average resistiv ity  w hen  a grating is 
produced the m easured photocurrent is less than that due to uniform  illum ination. B y 
m easuring the  photocurren t m agnitude as function o f  grating period, the  am bipolar 
diffusion length can be found.
Experim entally  the H e-N e laser beam  is split into two w ith  a beam  splitter (BS) 
and each beam  is directed on to the sam ple by  m irrors. B eam  2 is attenuated using a 
neutral density  filter (N D F) and chopped. U sing a h a lf  w ave p la te  (XI2) the p lane o f  
polarisation o f  beam  1 can be rotated by  90°. The lock-in am plifier (LIA ) m easures the 
sm all changes in the photocurrent due to the chopping o f  I2 for the  case o f  grating 
illum ination (X/2 in  the neutral position) and uniform  illum ination (polarisation o f  I, 
ro tated  by  90°). A  bias field o f  104 V  cm '1 w as applied during m easurem ents.
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6.6 Transient techniques
Transient techniques are those in w hich a light pulse o f  fixed m agnitude and 
duration is used to excite the sam ple. The decaying photocurren t is subsequently 
m easured as a  function o f  tim e until it reaches the therm al equilibrium  value (or steady 
state value i f  optical bias is present). The transient techniques used in  this w ork  have 
already been m entioned in § 4.2.5, they are the transient photocurren t decay m ethod 
(TPC) and the tim e-of-flight technique (TOF). In  addition to “straight” TPC  this 
experim ent can also be carried out w ith  an additional steady state illum ination present, 
and is then referred  to as TPC w ith optical bias.
A lso included in  this section are m easurem ents o f  the photocurren t decay from 
steady state, w hich  are m easured at long tim es and resem ble the persisten t photocurrent 
(PPC) observed in som e am orphous sem iconductors.
6.6.1 The transient photocurrent decay experiment
The experim ental set-up for TPC  is show n in fig 6.11. The sam ple is situated in 
the vacuum  cham ber described in § 6 .4  (not show n in  fig. 6.11), and is illum inated 
through a quartz w indow  or a light p ipe attached to the side o f  the cham ber. A  nitrogen 
pum ped dye laser is used to excite the sam ple. The laser is pow ered  by  a 12 V  sealed, 
lead-acid battery , w hich allow s the com plete unit to be enclosed in  a  Faraday cage to 
reduce interference. The system  is partia lly  com puter controlled v ia  an IEEE-488 line 
w hich is connected to a digital storage oscilloscope (DSO), and a R S232 line w hich is 
used to trigger a pu lse  generator. The pulse  generator in turn  triggers the laser v ia  a 
fibre optic link, w hich  is again used to reduce interference w ith  the detected sam ple 
signal.
The sam ple current signal is p re-am plified  w ith  a current to  voltage am plifier 
and then d isplayed on the DSO. The oscilloscope is triggered to capture the signal by  a 
fibre optic cable to w hich a portion o f  the  laser output has been  d iverted  by  an angled 
glass slide. The captured data set is then  sent to the com puter (v ia the  IEEE-488 bus) 
for analysis.
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F i g .  6 . 1 1  S e m i - a u t o m a t e d  T P C  e x p e r i m e n t a l  s e t - u p .
For a particu lar decay tim e range an appropriate feedback resistor is chosen for the 
am plifier and the oscilloscope tim e base and voltage range are adjusted to give an 
adequate signal. The com puter is then instructed to fire the laser a specified  num ber o f  
tim es and the resulting decays are averaged to m inim ise the effects o f  noise. The 
system  can then be reset as described above to obtain data from  different tim e ranges, 
and a com posite  decay over m any orders o f  tim e and current can be bu ilt up (typically 
from  ~10'9 - 10 s). The m ajor com ponents com prising the system  w ill now  be  described 
in m ore detail.
6.6.2 Dye laser
A  nitrogen  pum ped dye laser (L aser Science inc. V SL  337) w as used  as a pulsed 
light source in  bo th  the TPC and TO F experim ents. The laser w as used in  m ost cases 
w ith  the green dye C oum arin w hich has an em ission peak at approxim ately  500 nm  
(2.49 eV), R hodam in 101, a red dye w ith  an em ission peak o f  655 nm  (1.90 eV) w as 
also used in  som e cases. The Faraday cage w hich encloses the laser incorporates in the
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beam  path  a  holder for neutral density  filters (N D Fs), thus the in tensity  o f  the laser 
output m ay be attenuated by  know n am ounts. The sam ple w as illum inated  by  the laser 
v ia  a  ligh t p ipe  arrangem ent sim ilar to that used for the steady state m easurem ents. The 
laser w as situated 5.5 cm  from  the end o f  the light pipe, the end o f  w hich  w as 1 cm 
above the sam ple, thus the total laser-sam ple distance w as 19 cm  (light p ipe length = 
12.5cm). T he laser position  w as adjusted at this distance to give the largest signal 
possib le as m easured on an oscilloscope.
T he laser output w as determ ined using a calibrated p in  photodiode (H ew lett- 
Packard 5082-4207) w hich replaces the sam ple in the above set-up, an  optical density  4 
N D F w as needed to reduce the photodiode current to the regim e o f  linear response. The 
tem poral in tensity  profile  w as m easured w ith  a G ould 4072 digital storage oscilloscope 
and found to be roughly gaussian in shape. The total charge generated by  the laser pulse 
w as determ ined by using a triangle approxim ation for the gaussian  lineshape (see fig.
5.8). T he base o f  the approxim ate triangle w as m easured as 9 ns and the height as 150 
m V , the signal w as m easured across tw o parallel 50 Q  resistors thus the m axim um  
current w as Ai =  AV/R =  6 m A. The approxim ate charge in the pu lse  is the area o f  the 
triangle and is 2.7 x 10'11 C w hich corresponds to 2.7 x 10'7 C w ithou t the neutral 
density  filter. M ultip ly ing the total charge collected in  the photodiode by  its sensitivity 
at the laser w avelength  yields the num ber o f  photons per square centim etre. The 
sensitivity  at 500 nm  is 1.2 x 1021 A '1 cm '2 s '1, therefore the photon  areal density  is 3.24 
x 1014 cm '2. The accuracy o f  the estim ated laser output depends prim arily  on the 
accuracy o f  the “triangle approxim ation” used to determ ine the approxim ate charge 
induced by  the laser pulse. H ow ever, other possib le errors can arise due to inaccurate 
positioning o f  the laser w hen perform ing TPC, although the signal w as carefully 
m axim ised in all cases to reduce this.
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VF i g .  6 . 1 2  A p p r o x i m a t i o n  u s e d  f o r  d y e  l a s e r  c a l i b r a t i o n .
6.6.3 Current pre-amplifier
The sam ple photocurrent response is a low -level signal and requires 
am plification. H ow ever, the form  o f  the sam ple signal poses difficulties for 
am plification due to the fact that the current can be  large at short tim es, bu t very  sm all at 
longer tim es. This m eans w e need an am plifier in w hich w e can  vary  the gain and 
bandw idth  over a  large range. To recover the photocurrent response at short tim es w e 
require only  a sm all gain  bu t very fast response, w hereas for the  long tim e photocurrent 
response w e require a h igh gain but do no t w ant to overload the am plifier.
The p ream plifier system  used for all TPC w ork is based  on a B urr-Brow n 
O PA 637 D IFE T  operational am plifier (fig. 6.13). This op-am p offers a useful 
com bination o f  low  current and voltage noise  and low  offset current, m aking  it ideal for 
recovery o f  low -level photocurrents in  high-im pedance sam ples. The op-am p also 
displays good ac perform ance, w ith a h igh  slew  rate (100 V /ps) and gain-bandw idth 
product (80 M H z). Particular features o f  the circuit design include:
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•  A  p lug-in  resistor netw ork, allow ing a variable current gain to be  program m ed. 
V alues betw een 103 and 109 V /A  w ere norm ally used. A  sm all parallel capacitor w as 
added on the low  resistance settings to prevent high-frequency oscillation.
•  A n adjustable offset current o f  either polarity  in the range 10'n to 10‘5 A  can be 
com bined w ith  the incom ing signal. This is useful in cases w here the dark  current is 
substantially  larger than the photocurrent recorded in  a transient photoconductiv ity  
m easurem ent, or w here a large optical bias is applied. The offset current retains a 
h igh  stability  due to the Zener stabilisation o f  the current supply.
Fig. 6.14 show s the m easured risetim es o f  the am plifier p lo tted  against the value o f  
feedback resistor, R f. It can be seen that high gain is achieved at the expense o f  
am plifier response tim e.
It w as found by  the present author and by others (see W ebb, 1994) that w hen 
am plifying steep pow er law  photocurrent decays (~ t '1) the am plifier output signal can 
overshoot the input signal. S im ulations show  that for f 1 current decays the am plifier 
output voltage m ay not follow  the input until ten  tim es the rise  tim e (W ebb, 1994). 
Care w as exercised during the course o f  TPC w ork to identify  situations w here this 
overshoot effect w as occurring.
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6.6.4 Signal capture and processing
The D SO  used  for TPC w as a G ould  4072, w hich  is a tw o channel, 100 M H z 
m achine and has a  sam pling range o f  5 sam ples per second to 4 x 108 sam ples per 
second. T he oscilloscope incorporates an 8-bit ADC and can store 1008 sam ples per 
scan on both  channels.
F or each sam pling resistor em ployed in the pre-am plifier, the D SO  voltage 
sensitivity  and tim e base are set m anually  to obtain an acceptable signal. The com puter 
is then instructed to fire the laser a specified num ber o f  tim es. A fter each laser pulse the 
D SO  captures bo th  the sam ple signal and the signal from  the laser, w hich  is used as the 
D SO  trigger. B oth  channels o f  data are then transferred to the com puter w hich averages 
the user-specified  num ber o f  decays (m ulti-channel averaging). W hen the specified 
num ber o f  decays have been averaged the com puter interrogates the D SO  to determ ine 
the voltage sensitiv ity  and the tim e base and calculates the current and sam ple tim e, the 
value o f  the sam pling resistor and pre-am p gain are supplied by  the user. The transient 
part o f  the signal is obtained by subtracting the steady state part, w hich is determ ined 
from  150 o f  the 200 sam ples recorded before the laser trigger is received. The program  
interrogates the user to determ ine the start o f  the transient decay, and then reduces the 
num ber o f  data points from  808 to 62 for p lo tting  logarithm ically  by  variable bandw idth 
digital filtering. In this technique all data points in an interval t - At to  t +  At (w here At 
oc t) are replaced by  a single data point at tim e t, w hich is the average o f  the replaced 
data, this ensures that the sm aller currents at long tim es undergo m ore averaging.
F or the  sam ples used in this w ork  the transient response can be  m easured from  ~  
10'8 to 10 s, norm ally  about 30 decays are averaged for each tim e range setting. A t 
longer tim es a pause o f  100 tim es the tim e base setting w as in troduced betw een laser 
pulses to  allow  the sam ple to relax. A t the longest tim es a “ single shot” m ethod w as 
used because the signal tended to drift o ff  the D SO  screen, this could  be prevented by  
using the off-set control on the pre-am p, bu t necessitated resetting  the  signal after each 
laser firing.
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6.6.5 Measurements of decay from steady state
It has been found that on the rem oval o f  steady state illum ination a very  slow  
return to therm al equilibrium  is exhibited by all the sam ples studied in  this w ork. To 
study this decay m ore carefully a com puter program  w as w ritten by  the author to sam ple 
the current at regular intervals after the com puter-controlled rem oval o f  optical 
excitation, the program  also controls the illum inating LED  light source (A ppendix C). 
The experim ental set-up consists o f  a com puter-controlled voltage source (Thurlby 
PL320) w hich  drives the LED  and an electrom eter (K eithley 617 autoranging 
electrom eter) w hich m easures the  sam ple current. The LED  illum inates the sam ple v ia 
the light p ipe arrangem ent described in § 6.5.1. A  m easurem ent o f  the sam ple dark 
current m ust first be m ade, w hich is later subtracted from  the m easured to tal current. 
On starting the program  the user is prom pted for the current sam pling interval, in m ost 
cases an interval o f  3 s is used, the program  then asks the user for the illum ination 
period, this w as usually  about 5 m inutes to allow  the sam ple to reach steady state (the 
current is m easured w hen the LED is on bu t this is later discarded as only the decay 
from  steady state is being considered). W hen the LED  is turned o ff  the tim er resets and 
the current is sam pled at the desired rate until two tim es the illum ination period after 
w hich the current is sam pled every 30 s; this is ju s t for convenience w hen the data are 
p lotted logarithm ically, it also reduces the size o f  the data  file i f  the current is sam pled 
to very  long tim es. (N.B. a logarithm ically  increasing tim e step w as found to be 
inappropriate because it m isses short tim e data).
PPC  decays w ere m easured as a function o f  tem perature, illum ination intensity  
and illum ination period. The illum ination intensity  is changed w ith in  the controller 
com puter program  by  changing the voltage supplied to the LED , w hich  in  turn  changes 
the LED current and hence the photon flux.
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6.7 Experimental difficulties
The m ain  difficulty w ith  obtaining experim ental results on the sam ples studied 
in this w ork  w as that the currents are very  small. The dark currents are typically  around 
the picoam p range or sm aller at room  tem perature w hich  is no t d issim ilar to say a-Si:H 
for exam ple. H ow ever, unlike a-Si:H  w hich is a relatively good photoconductor in the 
oligom ers studied here the photocurrents are in general not m uch m ore than an order o f  
m agnitude greater than the dark current. The currents are also found to be quite 
unstable and noisy, and reproducibility  is poor. A  partial w ay around this problem  is to 
take m easurem ents at high fields and tem peratures and to use in terdigitated  sam ples, 
how ever th is approach runs into difficulties because in  general organic sam ples have 
low  m elting  points and glass transition  tem peratures, and h igh  fields can lead to 
dielectric breakdow n. Thus the experim entally  accessible field and tem perature range is 
lim ited by  m aterial properties w hich m eans that obtaining representative results can be 
difficult. Furtherm ore, due to the relatively poor photoresponse, determ ination o f  the 
photocurren t by direct subtraction o f  the dark current from  the to tal current can lead to 
errors.
O ther difficulties encountered during the experim ental w ork  included the effects 
o f  am bient atm osphere and illum ination on the m easured dark  current. A lm ost all 
m easurem ents w ere perform ed under vacuum  to m inim ise the effects o f  oxygen 
absorption b y  the films. H ow ever, w hen not being studied sam ples w ere not stored in 
an inert atm osphere, so it is very  likely that the film s contain a considerable am ount o f  
absorbed 0 2. It w as generally  found that, after illum ination, the  current took an 
extended period  o f  tim e to relax back to the therm al equilibrium  value (persistent 
photocurrent). This w ill be discussed further in § 7.2.2, and it w ill suffice to m ention 
here that raising  the sam ple to elevated tem peratures (annealing) increased the 
relaxation ra te  and enabled the dark current to be returned to approxim ately  the initial 
value.
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7. Experimental results and discussion
In  this chapter the experim ental results obtained on the pentacene and TV T 
sam ples studied in  th is w ork  are presented. T he results obtained from  pentacene and 
TV T sam ples are, in  the m ain, quite sim ilar. Therefore, ra ther than presenting  and 
discussing the data according to m aterial, they are grouped under the generic headings 
o f  “steady state” and “transient” results. This approach has the dual advantages o f  
avoiding substantial repetition  and highlighting the sim ilarities (and any differences) in 
behaviour.
W here appropriate, the transport m odels and num erical sim ulations introduced 
in  earlier chapters are referred to in discussion o f  the results.
7.1 Steady state results
O ne o f  the characteristic features o f  these m aterials is that the  tim e taken  to 
achieve the steady state under given external conditions can be very long, particularly  at 
low tem peratures. This w ill be discussed in m ore detail in a later section but it should 
be  borne in  m ind  that difficulties in obtaining reproducible and believable  results can 
arise as a consequence. Furtherm ore the accessible tem perature and field range is quite 
lim ited, w hich can lead to inconclusive outcom es w hen com paring the fit o f  data to 
com peting theories. These considerations should  be kept in  m ind  w hen  studying the 
results.
7.1.1 Optical absorption and action spectra
A bsorbance versus pho ton  energy spectra at room  tem perature w ere obtained for 
all the sam ples studied. (A bsorbance is defined as In (Iq/I,), w here I0 is the incident 
intensity  and It is the transm itted intensity). The spectra w ere recorded  using the 
m etallised, th in  film  sam ples on glass, thus the resu lting  graphs w ill include absorptions 
due to the m etal and glass, as w ell as the o ligom er in w hich w e are interested. 
Furtherm ore, reflection is not taken into account in  the spectra. This should  be  taken 
into account w hen  considering the graphs w hich  should  no t be regarded as quantitative.
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Figures 7.1 to 7.4 p lo t the absorption coefficient a  vs. photon energy. This is to enable 
us to com m ent on the penetration depths o f  various photon energies later in  this work. 
The absorption coefficient is obtained by  dividing the absorbance by  the sam ple 
thickness, i.e. In (Iq/Ij) =  a d  a  =  In ( I /t^ /d .
U nlike  m any o f  the o ther photo electronic properties o f  the  four oligom ers 
studied the absorption plots exhibit distinctly  different form s from  m aterial to m aterial. 
The pentacene spectrum  (fig. 7.1) is perhaps the m ost distinctive. The vibronic structure 
o f  the S, electronic state is prom inent, w ith  peaks at 1.88 eV, 1.97 eV, 2 .14 eV  and 2.30 
eV, this is in  agreem ent w ith the observations o f  o ther w orkers (see for exam ple the 
w ork on pentacene crystals by Silinsh et a l ., 1974).
F i g .  7 . 1  A b s o r p t i o n  c o e f f i c i e n t  v s .  p h o t o n  e n e r g y  f o r  p e n t a c e n e  t h i n  f i l m .
The first excited  trip let state (T,) for pentacene has been  reported as ly ing at 0.81 eV by 
G eacintov et al. (1971); this is also in  line w ith  w hat w e observe in  fig. 7.1. The 
absorption spectra o f  the two TV T sam ples TV D  and TV C are show n in  figs. 7.2 and
7.3 respectively. These two m aterials have equal conjugation lengths (11 pi bonds) and 
should thus exhibit absorption edges at roughly  the sam e energy, this is indeed  the case 
as can be  seen from  the figures. N either TV D  nor TV C show  any excitonic absorptions 
in contrast to  pentacene. The flat absorption region in the TV C  spectrum  has no t been
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observed subsequently  by  the author and does no t appear in  transm ission spectra 
perform ed on this m aterial.
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F i g .  7 . 3  A b s o r b a n c e  s p e c t r u m  f o r  T V C  t h i n  f i l m .
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Fig. 7.4 Absorbance spectrum for TVB thin film.
It is therefore suggested that this feature is due to an experim ental error o f  unknow n 
origin and that the true absorption spectrum  o f  TV C should be sim ilar to that o f  TVD.
The final spectrum , show n in fig. 7.4, is that o f  TVB. As this m aterial has one 
less double bond than the o ther sam ples its absorption edge should  be displaced to 
higher energies. A bsorption begins at about 2 eV, rising to a p lateau  region at 3 eV, 
there is then a dip in  the absorption betw een ~3.5 and 4 eV after w hich  the absorbance 
increases to  an approxim ately constant value as the energy m oves into the u ltra-violet 
region.
In  order to obtain m ore insight into the spectral response o f  the  oligom ers 
m easurem ents o f  photocurrent action spectra (ipc (X)) w ere obtained. The utility  o f  this 
m ethod as com pared to optical absorption is that it indicates in  w hich  portions o f  the 
spectrum  absorption is leading to the production  o f  m obile charge carriers. The action 
spectra for pentacene, TVB and TV C  are show n in figs. 7.5-7.7, together w ith  the 
absorbance p lots for com parison. It w as not found possib le to obtain an action spectrum  
for TV D  due to experim ental difficulties arising from  the h igh dark current relative to 
the photocurrent.
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1.0 1 . 0
Fig. 7.5 Photocurrent action spectrum for pentacene.
It can be seen from  figs. 7.6 and 7.7 that for TVB and TV C the photocurrent edge 
coincides w ith  the absorption edge, w hereas for pentacene (fig. 7.5) the photocurrent 
increases slightly  w ith  the first (singlet) excitonic absorption and is then approxim ately 
constant throughout the region o f  vibronic structure o f  the S, electronic transition. A fter 
~  2.4 eV  the photocurrent rises to relatively h igh values. This result is again in 
agreem ent w ith  the w ork  o f  S ilinsh et al. (1974) on crystalline pentacene w ho show ed 
that in  the S! absorption band the quantum  efficiency is about lCT4, b u t tends rapidly to 
unity  at energies above ~2.2 eV. Thus the photocurrent rise above ~2.4  eV m ay be 
considered as an intrinsic photoconductiv ity  threshold; in this reg ion  charge carrier 
generation is likely to occur by  a m echanism  sim ilar to that described in  § 4.2.2. B elow
2.4 eV carrier generation is likely to proceed via the dissociation o f  trip let excitons 
(form ed by  S-T in tersystem  crossing) either at the sam ple surface o r b y  interaction w ith 
trapped holes.
The TVB and TV C  action spectra correlate w ith  the absorption spectra and no 
excitonic absorptions are observed. It therefore seem s likely tha t free charge carriers are 
produced at the absorption edge by  the m echanism  described in  § 4.2.2.
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Fig.7.7 Photocurrent action spectrum for TVC.
N
or
m
al
is
ed
 a
bs
or
ba
nc
e
o 
o 
o 
o 
o
o 
ro 
4^ 
a) 
co 
o
N
or
m
al
is
ed
 p
ho
to
cu
rr
en
t
N
or
m
al
is
ed
 a
bs
or
ba
nc
e
o 
o 
o 
o 
o
O
 
hO
 
4^
 
05
 
oo
 
o
N
or
m
al
is
ed
 p
ho
to
cu
rr
en
t
The TV C  action spectrum  shows a sharp peak at the absorption edge, w hich  is also 
observed using  the constant photocurrent m ethod (not show n here). A  peak  ju s t below  
the absorption m axim um  has been observed by  Lee, Y u and H eeger (1993) in 
poly(phenylenevinylene), PPV . They use the absorption p lo t to calculate the  theoretical 
photocurrent response using D eV ore’s analysis and find a high degree o f  correlation 
betw een theory  and experim ent (DeVore, 1956). The peak is explained as arising due to 
enhanced surface recom bination near the absorption edge. In  the present case a sim ilar 
situation m ay be appropriate, although it is unlikely  that a conventional, sem iconductor 
band-to-band carrier generation m echanism , assum ed by D eV ore’s m odel, is appropriate 
for the oligom ers. As has already been discussed, in m olecular solids such as these 
carrier generation is m ore likely to occur by  either exciton dissociation  o r by  the 
m odified  autoionisation m echanism  discussed in  § 4.2.2.. Furtherm ore, D eV ore’s 
m odel assum es that the carrier diffusion length is large enough to enable carriers created 
in the bu lk  to diffuse to the surface. The validity  o f  D eV ore’s m odel in  these m aterials 
w ill thus also depend on the m agnitude o f  the d iffusion length. This m ay  explain why 
surface recom bination should be im portant in TV C  but not in  pentacene or TVB. It 
m ust be m entioned how ever, that the TVB action spectrum  does n o t cover a large 
enough range to determ ine w hether or not it peaks or saturates.
A  noticeable absence from  the absorption plots and action spectra  (also CPM ) 
presented in  this section is the appearance o f  interference fringes. Such fringes are 
clearly v isib le in reflectiv ity  data obtained from  pentacene, bu t are no t observed in 
transm ission or absorption. The author is unable to explain this apparent anom aly, but 
w ould po in t out that other w orkers have obtained such interference-free absorption plots 
and action spectra on thin film s (for exam ple, Lee, Y u and H eeger, (1993), on thin films 
o f  PPV , although these authors m ention interference fringes below  the absorption edge 
w hich are no t show n in their paper).
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7.1.2 Functional dependencies of the dark current
T he dependence o f  the dark current on field strength and tem perature was 
m easured for all sam ples under vacuum  (10 '3 torr). The m ajority  o f  these m easurem ents 
w ere perform ed using coplanar sam ples and these results w ill be presented  in  § 7.1.2.1, 
results obtained using sandw ich sam ples w ill be presented for com parison  in § 7.1.2.2. 
The experim ental results dealing w ith the tem perature dependence o f  the dark current 
are contained in § 7.1.2.2.
7.1.2.11-V characteristics of coplanar samples
Figure 7.8 illustrates the effect o f  annealing on the current-voltage (I-V) 
characteristic o f  therm ally  evaporated pentacene. It can be seen that heating the sam ple 
and then returning it to room  tem perature causes the dark current to decrease and 
stabilise. This w as also found to be the case in the th ienylene-vinylene oligom ers. This 
“annealing” process w as subsequently perform ed on all sam ples before any set o f  
m easurem ents w ere taken. The low er curve in  fig. 7.8 was taken  after the sam ple had 
been heated at 380 K, under vacuum , for one hour It can be seen that annealing has led 
to an order o f  m agnitude decrease in the dark current, but w ithout significantly  affecting 
the functional form  o f  the  field dependence. In  m any cases annealing the sam ples led  to 
an even greater decrease in the dark current (up to 3 orders o f  m agnitude).
The field dependence o f  the dark current in the unannealed pentacene sam ple 
exhibits a linear, ohm ic region at low fields w hich is sym m etric about the origin, above 
about 2 x 104 V  cm '1 th is linear behaviour changes to a quadratic dependence on field, 
possib ly  indicative o f  space-charge lim ited (SCL) current flow. T he field dependence in 
the annealed state is roughly  sim ilar. The low  and high field slopes are slightly 
increased from  their unannealed values and the transition region occurs at a slightly 
h igher field.
The I-V  characteristics o f  the thienylene-vinylene sam ples exhibit strikingly 
sim ilar behaviour to those o f  pentacene w ith  all sam ples show ing a low -field 
approxim ately  linear regim e w hich begins to increase at about 2 x 104 V  cm*1 to a 
steeper slope (see fig. 7.9).
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Fig. 7.8 Room temperature current-field plot for pentacene before and after annealing.
It can be seen that the low er the dark current in the ohm ic regim e the steeper the slope in 
the SCL regim e, w hich m ay be an indication that the transition  to the true SC L regim e 
is m ore gradual for sam ples w ith  a h igher dark current. The transition  voltage betw een 
each regim e, V t, is expected to scale w ith  the dark carrier density, p0, because the SCL 
regim e begins w hen the injected carrier density  exceeds the therm ally  generated carrier 
density  (Kao and H w ang, 1981 chap3). Thus for pentacene w e can see the SC L regim e 
clearly because p 0 and thus V, are sm all, w hile for TVD it could be argued that the slope 
is still increasing at the h ighest fields, i.e. the SCL regim e has no t yet been reached.
The m agnitude o f  the dark current changes significantly  betw een m aterials. Fig.
7.9 shows the dark  currents o f  pentacene, TVB and TV C, w hich  differ by  only  about a 
factor o f  ten  in  m agnitude at any field, w hereas that in TV D  is several orders o f  
m agnitude higher. A s the only difference betw een the TV C and TV D  oligom ers is the 
four m ethyl groups on TV D  this result suggests that these substituents increase the 
carrier density. It is know n that m ethyl groups are inductively electron donating and 
can activate arom atic rings (M cM urry, 1992), a point to be  d iscussed further in § 7.1.4. 
In the above d iscussion w e have neglected  any difference in  m obility  betw een the 
oligom ers and it should be kept in m ind  that this w ould  also affect the dark current 
m agnitude.
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A  further po in t to note from  fig. 7.9 is that the choice o f  electrode m etal seem s 
to have little effect on the field  dependence o f  the dark current as can be seen  from  the 
TVB data. H ow ever, its effect on the dark current m agnitude has no t been  studied for 
coplanar sam ples. N ot show n in fig. 7.9 is the I-V  characteristic for a laser ablated 
pentacene sam ple, how ever there  is no significant d ifference betw een the I-V  for this 
m aterial and that for the therm ally  evaporated pentacene.
The m agnitude o f  the dark  current in the space-charge lim ited current reg im e can 
be used to estim ate the effective carrier m obility  v ia the equation
9 V 2
h c L  ~  g M e ff £ r £ 0 - d f
gap
(7.1)
Fig. 7.9 I -V characteristics of all oligomers at room temperature. The vertical line indicates the field 
above which the current appears to become space-charge limited.
w here iSCL is the space-charge lim ited current, L gap is the electrode gap and A  is the 
conduction cross-section (K ao and H w ang, chap. 3, 1981). The quan tity  p efr is an 
effective m obility  and is g iven by  p  =  p 0 0 in w hich  0 is the ratio o f  free to trapped 
charge, given by  N ,/N t e x p (-s /k BT), w here N t is the density  o f  traps at energy s t. This 
equation is derived from  a m odel w ith  a single discrete trapping level and thus m ay be
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inappropriate for these m aterials. H ow ever a sim ilar equation is obtained in the  case o f  
a shallow, gaussian  distribution o f  trapping levels, the difference entering th rough  the 
effective m obility  p efr (Kao and H w ang, chap. 3, 1981). A pplying this equation to the 
unannealed and annealed pentacene data in fig. 7.8 y ields m obilities o f  8.1 x 10'7 cm 2 
(V s)'1 and 9.6 x 10'8 cm 2 (V s)'1 respectively, using s r =  3. M aking use o f  the 
conductivities the corresponding carrier densities are 1.31 x 1013 cm '3 and 1.24 x 1013 
cm*3 for the unannealed and annealed sam ples respectively. Thus annealing the sam ple 
decreases the m obility  by alm ost an order o f  m agnitude, w hereas the change in the 
carrier density  is com paratively sm all, so the decrease in the conductivity  is m ain ly  due 
to the m obility. The effects o f  annealing w ill be discussed further in § 7.1.4.
Fig. 7.10 shows I-V  characteristics for TV C param etric in tem perature. It is 
evident that increasing the tem perature increases the m agnitude o f  the dark current, but 
it is not overly clear w hat effect it has on the slopes o f  the  curves. The ohm ic regim e 
seem s to be unaffected, but there is a suggestion o f  a slight decrease o f  the SC L regim e 
slope w ith  increasing tem perature. U nfortunately none o f  the I-V  data obtained on the 
oligm ers is o f  sufficient quality  to verify this. The value o f  the transition voltage V t, 
from  the ohm ic to the SCL regim es is given by
8 ep0Lgap2
9 9ers0
(7.2)
w here p 0 is the density  o f  therm ally  generated holes, and 0 is defined as in eq. 7.1 (Kao 
and H w ang, chap. 3, 1981). Changing the tem perature does not seem  to have a 
significant effect on the transition  voltage, V t, suggesting that p 0 and 0 m ay have sim ilar 
tem perature dependencies. T his m ight be the case i f  holes are produced by  prom otion 
o f  electrons to an acceptor level or an em pty trapping level, i.e. p 0 and 0 are both  
proportional to exp(-St/kBT).
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Fig. 7.10 I-V characteristic for TVC parametric in temperature.
V
Fig.7.11 Room temperature I-V characteristic for an A1/TVD/A1 sandwich sample.
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7.1.2.21-V characteristics of sandwich samples
The results presented so far w ere obtained on sam ples w ith  alum inium  and gold 
coplanar and Philips m ask  electrodes. It w ould  thus appear that these m etals provide an 
ohm ic contact to the oligom ers at low  fields in a coplanar configuration, how ever the I- 
V  characteristics o f  sam ples in a sandw ich configuration are quite  different.
Fig. 7.11 shows an I-V characteristic for an A1/TVD/A1 sandw ich sam ple, 
recorded under vacuum . It can be seen that in this configuration the current increases 
very rap id ly  w ith  voltage, then begins to level out at about ± 4  V. This suggests that the 
contacts are im portant in controlling the current at low  fields, and as the voltage is 
increased beyond 4 V  the sm aller slope corresponds to the voltage drop across the bulk  
oligom er. This situation can be appreciated by  considering the equivalent circuit o f  fig. 
7.12. A t low  fields the contacts dom inate and the m ajority  o f  the voltage is dropped 
across th is interface, th is corresponds to the voltage drop across the  diodes (fig. 7.12) 
and results in the rapidly  increasing portion o f  the I-V. A t h igher fields the diodes are 
strongly conducting and the m ajority  o f  voltage is dropped across the oligom er, this 
corresponds to the voltage dropped across the resistor.
R
electrode oligomer electrode
Fig. 7.12 Equivalent circuit for metal/oligomer/metal sandwich sample.
The reduction in slope at h igh  fields is approxim ately quadratic and begins at ~  4 V  (2 x 
104 V  cm '1), as in the coplanar sam ples. As there can be no fundam ental difference 
betw een the electrode-oligom er interface in both  sam ple configurations the different I-V  
characteristics obtained for sandw ich and coplanar structures m ust be due to the 
differing geom etries o f  the sam ples. It is possib le that in  the coplanar structures, at low  
fields, the contact is “blocking” to a certain extent, how ever, the ratio  o f  the electrode­
o ligom er contact area to the conduction cross-section is large, provid ing  am ple charge 
carriers. In the sandw ich sam ples, how ever, the conduction cross-section and contact 
area are equal w hich  w ill tend to accentuate the b locking nature o f  the  contact.
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T he I-V  curve in fig. 7.11 is roughly sym m etric about the origin, slight 
differences m ay be due to the fact that for the bottom  electrode the o ligom er is 
deposited onto the  m etal, w hereas the reverse occurs for the  top electrode In  th is sam ple 
exposure to oxygen has little effect on the I-V characteristic.
The above characteristic should be com pared to that in fig. 7.13 for an 
A l/T V D /A u sam ple (A u underneath oligom er). In  this case the curve is no t sym m etric 
about the origin and exposure to am bient atm osphere has a profound effect on  the shape 
o f  the curve. In  air the forward current (Au +ve) is sim ilar to that in the A1/TVD/A1 
sam ple, i.e. the current increases very rapidly then tails o ff  (the last three data points are 
roughly  linear). In  the reverse direction the current increases m uch m ore slow ly w ith  
field. This I-V  characteristic is sim ilar to that o f  a Schottky barrier exhibiting ohm ic 
effects at h igh  fields (Streetm an, 1995). S im ilar current-voltage characteristics have 
been observed in PPV  sandw ich sam ples w ith A1 and ITO  electrodes (A ntoniadis et al., 
1994), although these w orkers did not observe the ohm ic region at h igh  fields.
Fig. 7.13 Room temperature I-V characteristic for an Al/TVD/Au sandwich sample measured under 
vacuum and ambient atmosphere. Forward bias corresponds to Au positive.
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U nder vacuum  the I-V curve again shows rectifying behaviour, but in this case the 
turnover at h igh  voltages representing the ohm ic volt drop across the o ligom er is absent. 
These data  suggest that som e sort o f  interfacial effect is occurring w hen the A l/TV D /A u 
sam ple is exposed to air w hich reduces the barrier to charge injection. A n analogous 
situation to this has been observed by G ailberger et al. (1992) w ho suggested that the 
accum ulation o f  0 2‘ at the electrode-polym er interface in PPV  leads to hole injection 
into the po lym er film  (see § 7.1.4).
7.2.1.3 Dark current temperature dependence
The dark current is quite strongly therm ally activated as can be seen in  fig. 7.14 
w hich show s data obtained for a coplanar TV D  sam ple. In  general the dark 
conductivity  o f  m ost organic sem iconductors can be given by  the expression
/
a  = cr0 exp
V k.T)
(7.3)
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w here g 0 is the pre-exponential factor, and Asc is the activation energy. The activation 
energy obtained from  the slope o f  the line is 0.63 eV. Table 7.1 show s the activation 
energies and the pre-exponential factors g 0 obtained from  A rrhenius p lots for the other 
m aterials. A ll values are from  sam ples w ith a coplanar configuration.
It can be seen that the oligom ers all have activation energies close to 0.65 eV, 
the estim ated errors in the values being small. The laser ablated pentacene sam ple 
show s a h igher activation energy o f  0.79 eV. The h igher activation energy o f  the laser 
ablated pentacene m ay be due to the fact that this w as deposited at 100 °C, w hereas all 
the o ther sam ples w ere deposited at room  tem perature. It is also possib le  that it is an 
effect o f  the actual deposition process itself.
T he origin o f  the activation energy in am orphous, inorganic sem iconductors has 
already been  discussed in § 4.1. A ccording to this m odel Aect w ill have different values 
over different tem perature regions depending on the energy o f  the dom inant transport 
path  relative to the Ferm i level. The data in fig. 7.14 show  only one value for the 
activation energy, im plying that over this range the transport path  does no t change. The 
value o f  the activation energy is too sm all to represent the depth  o f  the intrinsic Ferm i 
level (intrinsic band gap > 2 eV for all oligom ers).
O ligom er Asct (eV) g 0 (S cm '1)
TVB 0.67+/-0.030 0.73
TVC 0.64+/-0.008 0.60
TVD 0.63+/-0.011 5.50
Pentacene (laser ablated) 0.79+/-0.026 0.62
Pentacene (TE) 0.66+/-0.013 0.02
Table 7.1 Dark current activation energies and pre-exponential factors for coplanar samples.
H ow ever, i f  the m aterial is p-type, it m ay represent the approxim ate depth  o f  the Ferm i 
level from  the (valence band) m obility  edge. I f  carrier generation is due to prom otion o f  
electrons to acceptor levels then it is likely that the A rrhenius plots w ould  show  a tw o 
slope form , w ith  a low  tem perature shallow  slope representing ionisation o f  acceptor 
levels, and a h igh  tem perature steep slope corresponding to intrinsic band-to-band
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carrier generation. N o evidence o f  this is seen in  the A rrhenius p lo ts, b u t again this m ay 
be due to the sm all tem perature range over w hich useful data can be  obtained.
A lternatively, it m ay indicate the transport level for hopping in  a band tail. In 
such a case the conductiv ity  activation energy is the sum  o f  a hopping  activation energy 
at the transport level (W ) and a therm al excitation energy, w hich corresponds to the 
energy difference betw een the Ferm i level and the transport level, i.e. As0 =  (st - s f + W ).
In  organic sem iconductors, and hopping system s in general it is usually  found 
that the m obility  is tem perature dependent (e.g . In p  oc T '2 in the D LH  theory, § 4.4.2), 
and thus the activation energy is likely to depend on p(T) and n(T). F or the D LH  
theory, as already discussed, the m obility  activation energy is itse lf  tem perature 
dependent w hich w ould  result in curvature in an A rrhenius p lo t for the m obility. 
H ow ever, the form  o f  an A rrhenius plot for the conductivity  w ould  depend on w hether 
the m obility  or the carrier density  dom inates in the overall tem perature dependence o f  
the conductivity. The data in fig. 7.14 do not show  any curvature w hich m ight suggest a 
tem perature dependence o f  the m obility, but this m ay be because the data are restricted 
to a sm all tem perature range. The D LH  theory predicts that after a  tem perature 
dependent tim e interval the hopping carriers w ill therm alise at an energy given by  eq. 
4.52, the system  is then in steady state and transport proceeds by excitation o f  carriers to 
a transport level. This process is know n as trap-controlled hopping. A t this po in t the 
D LH  theory predicts a sim ilar sort o f  transport process to the case o f  band  tail hopping 
as discussed above. This situation predicts the non-A rrhenius tem perature dependence 
o f  the m obility, i.e. the m obility  depends on W . H ow ever the conductiv ity  depends on 
(s t - ef +  W ) and is likely to be dom inated by  (s t - s f), thus sw am ping the m obility  field 
dependence.
The pre-exponential factors given in table 7.1 are too sm all to represent band 
transport, in  this case they w ould  be expected to be several orders o f  m agnitude h igher 
than those obtained (M ott and D avis, 1979, § 6.4.3). For band tail hopp ing  the p re­
exponential factor is given by
°h = g ( e , ) ^ e 2R , / v „ e x p (-2 a ,„ e^ . )  (7.4)
thus cj0 depends only on the density  o f  states at the transport level and on the attem pt to 
escape frequency (R^ depends on g(St)'1/3). The values obtained experim entally  are o f
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the expected order o f  m agnitude for band tail hopping. The activation energies for all 
the oligom ers (excluding LA  pentacene) are very sim ilar suggesting that the transport 
level does no t vary  significantly  betw een m aterials. In turn  th is im plies that the 
variation in  the dark  conductivities betw een the oligom ers is m ain ly  due to cr0, and thus 
the density  o f  states at the transport level.
There are several other possib le origins o f  the activation energy:
1. Asa corresponds to the depth o f  trapping levels from  the band edge, i.e. conduction 
involves band-like transport and is dom inated by therm al release o f  trapped carriers.
2. Asct m ay correspond to the height o f  the potential barrier betw een the electrode and 
the solid  specim en w hich m ust be overcom e for carrier injection from  the electrodes,
i.e. the  effects observed are no t bu lk  phenom ena.
Som e authors have suggested that the activation energy in  a sim ilar type o f  
m aterial, a-sex ith iophene gives the depth o f  trapping levels (Sen et a l ., 1994, H orow itz 
et al., 1990). These authors have reported values o f  0.73 eV and 0.28 eV respectively, 
w hich suggests that the activation energy is dependent on either deposition  conditions 
(w hich m ay affect the trap depth and/or density), or the sam ple configuration (i.e. 
coplanar/sandw ich, electrode m aterial, sam ple thickness, etc.). The form er authors use 
finely pow dered th in  film s in a sandw ich configuration, w hereas H orow itz et al. use 
therm ally  evaporated films.
A ctivation energies m easured using sandw ich electrode structures give values 
that appear to be dependent on the polarity  o f  the electrode m etal. Fig. 7.15 show s 
A rrhenius plots for an A l/T V D /A u sam ple w ith the gold electrode positive and negative. 
W hen the A u electrode is positive (hole injecting) a sm all value for the activation 
energy is obtained (0.38 +/- 0.03 eV), w hereas m aking the gold electrode negative 
results in  a h igh  activation energy (0.85 +/- 0.03 eV), sadly neither o f  these values is 
close to that obtained w ith a coplanar structure. These different values for the activation 
energy reflect the asym m etry o f  the I-V  characteristic, w ith the gold electrode positive 
hole injection is relatively efficient and the activation energy is low , w hereas w ith  the 
alum inium  electrode positive hole injection is relatively inefficient and the activation 
energy is high.
If, in the case o f  the sandw ich structures, the dark current at a  given field is 
controlled by  interfacial effects then the values o f  the activation energies are likely to
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reflect the barrier heights to hole injection at each electrode. The barrier height can be 
given by
<PB = s s - ( V m - Ac) (7.5)
w here cpB and cpm are the barrier height and m etal w ork  function respectively, s g is the 
band gap and A c is the electron affinity (Sze, 1985). Equation 7.5 is valid  for p-type 
sem iconductors. The w ork  functions for A1 and A u are 4.2 eV and 5.1 eV respectively, 
s g for TV D  is ~2.2 eV and we assum e that the electron affinity o f  TV D  is sim ilar to that 
o f  pentacene for w hich a value o f  2.8 eV has been quoted (G utm ann and Lyons, 1981). 
Substituting in  these values w e obtain a barrier height o f  ~  0.8 eV for A1 w hich  is close 
to the experim ental activation energy. H ow ever for A u w e obtain a negative barrier for 
hole injection, this possib ly  im plies that the gold electrode is hole in jecting (rather than 
ohm ic o r blocking). In the present context eq. 7.5 should in no w ay be  considered 
quantitative, it is obviously a gross sim plification o f  the real oligom er-m etal interface, 
yet it does appear to dem onstrate the rectifying nature o f  the A l/T V D /A u sam ple.
Fig. 7.15 Arrhenius plots for Al/TVD/Au sandwich sample with each electrode +ve.
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103/T(KT1)
F i g . 7 . 1 6  A r r h e n i u s  p l o t s  f o r  A 1 / T V D / A 1  s a n d w i c h  s a m p l e  w i t h  e a c h  e l e c t r o d e  + v e .
T he A1/TVD/A1 sam ple yields an A rrhenius p lo t in  w hich  the activation energy 
is approxim ately  0.3 eV at 2 V, irrespective o f  w hich electrode is positive (fig. 7.16). In 
this case the sim ilar activation energies reflect the sym m etry o f  the I-V  characteristic. I f  
it is assum ed that the bulk  oligom er activation energy is that obtained w ith  the coplanar 
sam ples, then it m ay be argued that this sm aller activation energy is due to a different 
tem perature dependence o f  the dark current in the electrode lim ited  regim e (in w hich 
this data w as m easured). M easurem ent o f  the activation energy above ~  4 V w ould be 
expected to y ield  the tem perature dependence o f  the SCL current regim e. H ow ever 
m easurem ent o f  the activation energy in the voltage range 2-10 V  in both  directions 
yielded sim ilar values o f  around 0.3 eV. It can only be suggested  that annealing the 
sam ple changes the I-V  characteristic in  the sandw ich configuration: the I-V  curve o f  
fig. 7.11 w as recorded before the sam ple w as annealed. Indeed  later current-voltage 
m easurem ents on the A l/TV D /A u sam ple yielded a forw ard current w hich did not 
increase as rapidly  at low  fields, nor did it show  a distinct tu rnover in the voltage range 
up to 10 V. Thus annealing perhaps increases the range o f  electrode-lim ited behaviour
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to h igher voltages. This m ight be expected i f  annealing rem oves absorbed oxygen, 
w hich w as suggested earlier to reduce the range o f  electrode-lim ited behaviour.
It w as seen earlier in this section that varying the tem perature had no noticeable 
effect on the low  field (ohm ic) slope o f  the I-V  curves obtained on coplanar sam ples, 
and only a slight effect on the SCL regim e slope. H ow ever changing the field  strength 
does have seem  to have a sm all but noticeable effect on the slope o f  the crd (T) curves as 
can be seen in  the extrapolated A rrhenius plots for TVB shown in  fig. 7.17 (note that the 
high field cu rv e 'is  obtained in  the space-charge lim ited regim e). In  a sim ple situation 
w ith no m obility  field dependence increasing the field w ould sim ply be expected to 
increase the dark current m agnitude, thus in the ohm ic regim e crd (T) curves should 
overlap and in  the SC L regim e they should scale linearly w ith field. This is clearly  not 
the case; increasing the field strength decreases the activation energy and causes the 
extrapolated curves to intercept each other (at ~  763 K). This phenom enon o f  a 
reduction in  the activation energy w ith field is rem iniscent o f  p d (T) curves for M DPs 
w hich intercept at a characteristic tem perature and m obility  (§ 4.4.1). In these cases the 
activation energy decreases because in hopping transport an increased field reduces the 
average barrier height for energetic uphill jum ps. In the present case th is result is 
perhaps a further argum ent in favour o f  carrier m otion occurring by  trap-controlled 
hopping. Increasing the field is un likely  to affect therm al excitation to the transport 
level, i.e. (- s f - s j  is not dependent on field, but the hopping energy, W , w ill be reduced 
by the application o f  a field and w ill thus decrease the overall value o f  the activation 
energy (- ef - s t +  W ). (Note that because W  is predicted to be m uch less than (- s f - s j  
the change in conductiv ity  activation energy w ith  field w ill be sm all, extrapolation o f  
the data as in fig. 7.17 shows m uch m ore clearly the change in slope w hich is no t easily 
observed over the m easured range.)
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F i g .  7 . 1 7  A r r h e n i u s  p l o t s  f o r  T V B  p a r a m e t r i c  i n  f i e l d ,  e x t r a p o l a t e d  t o  T  =  oo.
From  the above results it can be seen that only the coplanar sam ples exhibit an 
ohm ic regim e, they also all show  a transition  to a SCL current regim e. Since it is likely 
that bo th  these currents are attributable to bulk  rather than interfacial effects it is 
suggested that the activation energy m easured for these sam ples is the true bulk  
activation energy. The activation energies obtained from  the  sandw ich sam ples are 
affected by  the nature o f  the m etal-o ligom er contact. The absolute value o f  the 
activation energy appears to be field dependent but is too large to sim ply be due to 
hopping m otion. Thus it is suggested that carrier m otion occurs by  trap-controlled  
hopping, the m agnitudes o f  the m obilities m easured using eq. 7.1 in  the SCL regim e and 
the pre-exponential factors given in table 7.1 are also indicative o f  hopping transport.
1 2 6
7.1.3 Functional dependencies of the photocurrent
The steady state photoconductiv ity  o f  the oligom ers studied at room  
tem perature is generally in  the range from  10'12 to ju s t over 10'10 S cm '1 (for a flux o f  2 x 
1015 cm '2 s*1 at 450 nm ), and is larger than the dark current for all sam ples, except TVD, 
in w hich the dark current is relatively large as noted in the last section. The 
photocurrent is also large in TV D  but is sw am ped by  the dark current at am bient 
tem peratures unless the flux is very high. The dark current can becom e larger than the 
photocurrent w ith in  the experim entally  accessible tem perature range in som e sam ples as 
w ill be seen later. Table 7.2 show s the dark and photoconductivities m easured  at room 
tem perature for all the oligom ers. A ll data w ere obtained using coplanar sam ples o f  
approxim ately 1 pm  thickness.
O lig o m er cjd (S cm '1) cjpc (S cm '1) <V<T a
T V B 5.6 X 10-'2 3.5 X 10-" 6.25
T V C 6.3 X It)-'2 9.1 x ic r '2 1.4
T V D 1.6 X 10 '° 1.2 X 10-'° 0.75
P e n ta ce n e  (T E ) 2.4 x 10‘13 1.1 X 10 '° 458.3
T a b l e  7 . 2  R o o m  t e m p e r a t u r e  d a r k  a n d  p h o t o c o n d u c t i v i t i e s .  P h o t o c o n d u c t i v i t i e s  m e a s u r e d  a t  a  p h o t o n
f l u x  o f  2  x  1 0 15 c m ' 2 s ' 1 a t  4 5 0  n m .
U sing the ratio o f  photo to dark conductivity  as a guide to photosensitiv ity , from  table
7.2 it can be seen that therm ally  evaporated pentacene is the m ost photosensitive  sam ple 
for this set o f  conditions, w hereas TV D  is relatively  insensitive to illum ination. The 
very low  value for a pc/(7d obtained for TVD highlights the d ifficulty  encountered w hen 
trying to obtain CPM  and photocurrent action spectra for this m ateria l at room  
tem perature (see § 7.1.1).
T he value o f  the photocurrent in the ohm ic regim e is given by
ipc =  eFa7jjurrEA (7.6)
w here r\ is the quantum  efficiency for carrier generation, a  is the absorption coefficient 
F  is the photon  flux and Tr is the carrier lifetim e. F rom  eq. 7.6 it can be  seen that the
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value o f  the photocurrent does not depend directly  on the value o f  either tem perature or 
w avelength, although in the ohm ic regim e it is directly  proportional to the field strength 
(cf. eq 7.2 for space charge lim ited current). The tem perature, in tensity  and w avelength 
dependencies o f  the photocurrent are thus due to the dependence o f  o ther term s in eq.
7.6 on these variables. C hanges in tem perature are only likely to affect the quantum  
efficiency, the m obility  and the carrier lifetim e; w hereas changes in  w avelength  should 
only have an effect on the absorption coefficient (w hich w e already know  qualitatively), 
and possib ly  the quantum  efficiency, depending on the m echanism  o f  photogeneration. 
C hanges in  illum ination in tensity  affect the overall carrier density  and thus the carrier 
lifetim e W e can therefore w rite dow n the follow ing functional dependencies for the 
photocurrent,
i p c ( T ) ^ ^ ( T ) j u ( T ) T r ( T ) (7.7)
i pM )  a  T ) ( X ) a ( X ) (7.8)
ipA F ) * r r {F ) (7.9)
C onsideration o f  relations 7.7, 7.8 and 7.9 reveals further interrelations betw een 
variables. F or instance, an increase o f  the quantum  efficiency, leading to an increased 
carrier density, could alter the carrier lifetim e; or an increases in a  w ith  w avelength 
could result in surface recom bination, again affecting the carrier lifetim e.
The field dependence o f  the photocurrent in all the oligom ers is sim ilar to that 
for the dark current as can be seen in fig. 7.18, w hich show s data for therm ally 
evaporated pentacene.
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F i g .  7 . 1 8  F i e l d  d e p e n d e n c e  o f  t h e  d a r k  a n d  p h o t o c u r r e n t s  f o r  t h e r m a l l y  e v a p o r a t e d  p e n t a c e n e .
The photocurrent retains a tw o-slope form , sim ilar to the dark current and the transition 
field betw een each regim e is close to that for the dark current. Increasing the 
illum ination in tensity  has negligible effect on the field dependence, how ever the data 
suggest that it decreases the transition voltage, although the effect is sm all and the exact 
shift is difficult to determ ine from  the experim ental data. S im ilar behaviour w as 
observed in all the oligom ers. Fig. 7.19 show s data for TVB.
U nder illum ination the total carrier (hole) density is increased from  the dark 
carrier density  p0 to (p0 + Ap), w here Ap is the photogenerated carrier density. Since the 
space-charge-lim ited current regim e begins w hen the injected carrier density  dom inates 
the conductivity, in  the trap-free case (0 =  1) illum inating the m ateria l w ill increase the 
transition voltage V t. H ow ever, i f  the m aterial contains traps the situation is m ore 
com plicated. F rom  eq 7.2 for a single trapping level the transition  voltage under 
illum ination w ill be proportional to the total free carrier density  p free, and inversely 
proportional to the ratio  o f  free to trapped charge 0. The neglig ib le  difference betw een 
the transition voltage for dark current and photocurrent at various levels o f  illum ination 
in tensity  suggests that the ratios (pfree/0 )dark and (Pfree/0)iight are eclual- U nder illum ination 
it is obvious that the to tal free carrier density  is larger, this m eans that 0 m ust change 
proportionately.
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F i g .  7 . 1 9  F i e l d  d e p e n d e n c e  o f  d a r k  a n d  p h o t o c u r r e n t s  f o r  T V B .
F i g .  7 . 2 0  A r r h e n i u s  p l o t  f o r  T V B  d a r k  a n d  p h o t o c u r r e n t s .
The photocurrent is therm ally  activated although to a m uch sm aller degree than 
the dark current, fig 7.20 shows an A rrhenius plot for the photocurrent in  TV B  at two 
different w avelengths at the sam e flux; the dark current is also show n for com parison.
The activation energy obtained from  the slope o f  the photocurrent lines is 0.3 eV for 
bo th  w avelengths. The current is slightly  h igher for green light as w ould  be  expected by 
exam ination o f  the photocurrent action spectrum  (fig. 7.6). D ue to the photocurrent 
being less tem perature activated than the dark current at h igh  tem peratures the dark 
current w ill eventually  becom e larger than the photocurrent. This can be seen to occur 
in TVD at around room  tem perature as already noted (table 7.2). S im ilarly, as the 
tem perature is low ered the photocurrent decreases less rapidly than  the dark curren t and 
thus the ratio a pc/crd w ill becom e larger. F ig  7.21 shows sim ilar data for a therm ally  
evaporated pentacene sample.
103/T (K-1)
F i g .  7 . 2 1  A r r h e n i u s  p l o t  f o r  t h e r m a l l y  e v a p o r a t e d  p e n t a c e n e  d a r k  a n d  p h o t o c u r r e n t s .
It can be seen that the tem perature at w hich the dark and photocurrents cross in  this case 
(~ 474 K) is m uch higher in pentacene than in TV B, in keeping w ith  the h igh  a pc/crd 
ratio in pentacene. The m easured photocurrent activation energies for all the  oligom ers 
lie w ithin the range 0.25-0.30 eV. These values reflect the tem perature dependence o f  
the r |p .T r product for each m aterial.
In order to try  to separate the tem perature dependencies o f  r\, p. and xr (all o f  
w hich are likely to be T-dependent in organic m aterials), and determ ine the tem perature 
and field dependencies o f  the drift m obility  the tim e o f  flight m ethod w as attem pted on 
the oligom ers. O nly TV D  and pentacene w ere available w ith sandw ich configurations,
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on top o f  th is it w as only possib le to m ake a reliable electrical contact to the TV D  
sam ples. The pentacene sam ples had very thin electrodes, how ever it w as unclear 
w hether the problem  o f  m aking an electrical contact w as due to this or sim ply due to the 
sam ple batch  being faulty. Experim entally  it was not found possib le  to obtain a transit 
signal for TV D , the photoresponse w as very poor, the current decay being alm ost as fast 
as the rise. The situation w as not helped by  a the rather th ick  top electrode.
A n  inability  to obtain a  TO F transit signal in  pure, vapour deposited, organic 
thin film s has also been observed by  other workers. G oldie et a l  (1993) found that they 
could no t obtain  a transit signal in pure a -3 T  th in  film s bu t a transit signal w as, 
how ever, observed in m olecularly  doped sam ples w ith  less than 55%  by  w eight o f  
oligom er in  poly(carbonate). Increasing the concentration beyond this level led to 
dispersive transit signals. Featureless transient photocurren t decays have been 
associated w ith  the short lifetim e for the oxidised state o f  short chain  oligom ers. F ichou 
et a l  (1990) suggested that this w as the reason for a lack o f  field-enhanced conduction 
in thiophene oligom ers w ith less than  four thiophene units. In  the present case w e are 
dealing w ith  m aterials that have a h igh  degree o f  conjugation (TVD has 11 pi bonds), 
and thus the above argum ent is not likely to be valid.
G oldie et a l  further suggested that deep trapping in  transport inactive states, 
follow ed by  recom bination m ay account for the featureless decays observed. It was 
found that for a -3 T  sam ples w ith  o ligom er concentrations betw een 55%  and 65%  at low 
fields no extraction feature w as obtained, but on increasing the field it could be 
recovered. A bove 65%  the decays w ere com pletely featureless. The authors suggested 
that this behav iour w as due to carriers being deeply trapped below  a critical field such 
that p h Tr E crit <  d, w here d is the film  thickness. The loss o f  an extraction feature above 
65%  thus suggested that p h xr decreases as the oligom er concentration increases w hich 
w as attributed to an increase in deep traps w ith  increasing doping. The origin o f  the 
deep trapping  states is thus related  to the average oligom er separation and this in  turn 
m ay be due to m olecular pairing (Zboinski, 1983).
In  the pure  oligom er film s studied here it is very likely  that interaction betw een 
oligom er m olecules results in the generation o f  trapping levels, bu t it is unclear w hether 
this is the reason for the unattainability  o f  a transit feature. A  rough calculation shows 
that the lifetim e m ust be approxim ately 40 m s or less for no extraction (using E  =  105 V 
cm '1, d =  4 p m  and assum ing p  ~  10'7 cm '2 V '1 s '1). For TV D  the TPC  decays, presented 
in  § 7.2.1, show  that recom bination m ay ju s t be beginning at this tim e, although the
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In  the present case it is therefore suggested that the poor TO F response o f  the 
sandw ich TV D  sam ple is m ore likely due to problem s w ith the sam ple configuration 
than any inherent characteristic o f  the actual oligom er. It should also be poin ted  out that 
the TPC  and TO F m ethods are not directly com parable. In the TO F m ethod the light 
should be  strongly absorbed near to the oligom er-electrode interface w hich  is likely to 
contain m any  trapping levels, thus recom bination m ay be h igher than in  a  coplanar 
sam ple in  w hich the light is absorbed uniform ly. In this case the TO F technique was 
attem pted using a green dye w ith the laser (X =  500 nm ), as in TPC. The absorption plot 
for TV D  show s that the absorption coefficient at this w avelength is h igher than at 337 
nm , the operating w avelength o f  the N 2 laser. Thus the penetration depth in the TO F 
experim ent is the sam e as for the TPC  experim ent and is roughly 0.23 pm . Therefore 
the only difference betw een the two experim ents is due to the film  thickness. In the 
coplanar sam ple a penetration depth o f  the size quoted m eans that the m ajority  o f  
carriers are produced in the top quarter o f  the sam ple, w hereas in the sandw ich sam ple 
alm ost all the carriers are produced w ithin a slice one tenth o f  the  thickness o f  the 
sam ple. It is therefore conceivable that surface recom bination is a factor contributing to 
the poor photoresponse o f  the sandw ich sam ple, bu t it is unlikely to be the m ain reason 
because as w e have seen the light is not absorbed uniform ly in the coplanar sam ple 
either, bu t w e get a considerably better photoresponse from the coplanar sam ples. As 
has already been  m entioned the top electrode w as quite  thick w hich w ould  cut dow n the 
absorbed num ber o f  photons, and thus photocurrent, considerably. It is show n in § 7.2.1 
that there is evidence for early tim e recom bination in the TPC decays, it is a possibility  
that this early  tim e recom bination along w ith a m uch reduced photon  dose is the cause 
for the poo r response in  the TV D  sandw ich sam ple w hich m akes the signal too sm all for 
the detection circuit to resolve (NB, an am plifier had to be em ployed to actually  observe 
a sam ple signal, using a 50 Q. resistor w as not enough).
The final functional dependence exam ined for the steady state photocurrent is 
the dependence on illum ination intensity. F or both inorganic and organic 
sem iconductors the photocurrent is related to the in tensity  by
ipc ^  F 7 (7.10)
decrease in current is so small that it will probably not affect a T O F  transit signal too
much.
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w here F is the photon flux. A  double logarithm ic p lo t o f  ipc vs. F y ields a  straight line o f  
slope y. It has already been seen that the value o f  y gives inform ation about the 
recom bination m echanism , i f  y =  1 recom bination is m onom olecular, y =  0.5 im plies 
b im olecular recom bination. Interm ediate values o f  y suggest a continuous trap 
d istribution in the gap, the actual value o f  y being determ ined through interaction o f  
trapping and recom bination centres (see R ose’s m odel, § 4.2.3).
F o r the oligom ers studied in  this w ork  the values obtained for y from  In ipc vs. In 
F plots are generally betw een 0.5 and 1.0, although som e sam ples yield values below
0.5. Fig. 7.22 shows data for TV C param etric in  field, the values for y are given in the 
legend (the error in the final decim al place is ~  +/- 0.005).
A  value for y betw een 0.5 and 1.0 can be accounted for using the R ose m odel w hich 
predicts that y =  T(/(T + T0), w here T 0 is the w id th  o f  an exponential distribution o f  
traps, thus the value o f  y depends only on tem perature. H ow ever it is unclear w hether 
an exponential DOS is realistic for organic, m olecular solids, furtherm ore the R ose 
m odel assum es a m ultip le trapping transport m echanism  w hereas transport in these 
m aterials is m uch m ore likely to occur by  hopping or trap-controlled hopping. Fig. 7.22 
provides evidence that the R ose m odel is inappropriate in this case because the value o f
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y appears to be field dependent, although the change in y is sm all. A  field dependence 
o f  y is suggestive o f  a  hopping transport m echanism  as in this case increasing the field 
could lead to an increase in m obility and thus a decrease in carrier lifetim e. The data in 
fig 7.22 show  ju s t the opposite how ever, the recom bination rate  decreases as the field 
increases. This m ay indicate that at h igher fields a hopping carrier can m ore easily 
escape from  the coulom bic attraction o f  a  recom bination centre.
The variation o f  y w ith  tem perature in  TV C is show n in fig. 7.23, y values are 
again given in  the legend.
N ote that the h igh tem perature data y ields a y value less than 0.5 w hich, in term s o f  the 
R ose m odel, m eans that T  >  T0. U sing y =  T(/(T + T0) in order to calculate T0 for each 
o f  the data sets in fig. 7.23 does not yield a consistent value, the values for T0 are 318 K, 
293 K  and 227 K  for T  =  340 K, 293 K  and 260 K  respectively. Thus for the y (T) 
dependence the R ose m odel does not fit the results, although y does decrease as 
tem perature rises. Q ualitatively the decrease in y w ith increasing tem perature can 
sim ply be accounted for by  an increase in m obility  w hich should cause photocarriers to 
encounter recom bination centres m ore rapidly.
C om parison o f  fig. 7.23 w ith fig. 7.22 reveals a further dependence o f  y on the 
photon energy, the tw o sim ilar curves (T =  293 K, E  =  4 x 104 V  cm '1) are not only
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displaced in  photocurrent m agnitude (see TVC photocurrent action spectra) bu t the 
value o f  y is h igher for h igher photon energy. Fig 7.24 illustrates this w avelength 
dependence o f  y for TV B, note that in this case due to the  different form  o f  the 
photocurrent action spectrum  the photocurrent m agnitude for blue light is h igher than 
that for green (vice versa for TV B ), how ever y is still found to increase as pho ton  energy 
increases.
F i g . 7 . 2 4  P h o t o c u r r e n t  v s .  i n t e n s i t y  p a r a m e t r i c  i n  w a v e l e n g t h  f o r  T V B .
A n increase in y w ith increasing photon energy could be due to either a change in the 
absorption coefficient and thus the penetration depth, or from  som e change in the 
generation process. The absorption profiles for the three photon  energies used in fig. 
7.24 w ill be different, and using the absorption plots from  § 7.1.1 w e obtain penetration 
depths o f  roughly  1pm , 0 .6pm  and 0 .4pm  for red, green and b lue light respectively. I f  
surface recom bination is im portant the recom bination rate should  be h ighest for blue 
light and low est for red  light, w hich is in  fact the opposite to w hat is seen in  fig. 7.24. 
Thus w e m ust assum e that in TVB surface recom bination is not significant.
A n alternative explanation for the change in y w ith  photon  energy is tha t carriers 
generated w ith  h igher photon energies are “hot”, i.e. they are excited to high 
energy/m obility  states and have excess kinetic energy (see § 4.2.2), w hich m ay enable 
them  to escape from  the recom bination zone.
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A  final steady state m easurem ent w hich w as perform ed on the oligom ers was the 
steady state photocarrier grating (SSPG ) technique. The SSPG  technique has been used 
extensively on m aterials such as a-Si:H  to m easure the am bipolar d iffusion  length, but 
has seem ingly  not yet been attem pted on organic m aterials. F or the p resen t m aterials a 
grating effect w as no t observable i.e. the m easured photocurrents w ith  the  tw o laser 
beam s coherent (grating on) and non-coherent (uniform  illum ination) w ere the same. 
A lthough th is experim ent resulted  in a null result (sim ilar to TO F) it allow s us to 
speculate on  reasons w hy this should be.
T here are two possib le explanations w hich are able to account for the 
unattainability  o f  a grating effect in  the  oligom ers. The first is tha t there is some 
physical m echanism  occurring w ithin the oligom ers w hich prevents a photocarrier 
grating from  form ing. The second is that the experim ental system  w as no t sensitive 
enough to resolve the sm all sinusoidal excitation on top o f  the uniform  background 
illum ination.
The m ajority  o f  SSPG  w ork carried out on a-Si:H  has been perform ed using the 
so-called sm all-signal approach in the lifetim e regim e (R itter et a l. , 1988). In the 
lifetim e reg im e the dielectric relaxation tim e xrel is considerably shorter than  the carrier 
lifetim e, w hich  m eans that charge neutrality  prevails everyw here and electrons and 
holes d iffuse together. In this case the diffusion length m easured is the am bipolar 
diffusion length, and i f  the electron and hole m obilities differ the  m easured diffusion 
length is c loser to that o f  the less m obile (m inority) carrier. H ow ever, for the oligom ers 
studied here rough calculations show  that w e are no t in  the lifetim e regim e, i.e. xreI >  xr. 
The dielectric relaxation tim e is defined as xrel =  erSo/crpc, using the crpc value for 
pentacene from  table 7.2 and s r =  3.0, w e obtain xrel ~  0.24 s. The carrier lifetim e can be 
estim ated from  the plots o f  TPC w ith  optical bias in  § 7.2.1.3 and for pentacene is o f  the 
order o f  10 m s. Thus w e are clearly  in  the relaxation regim e in  w hich  space charge 
effects are im portant and electrons and holes can be  spatially  separated. The am plitude 
o f  the photocarrier grating, and thus the change in photocurrent w ith  and w ithout the 
grating, depends on the ratio o f  the carrier m obilities p p and p n. I f  the m obilities are 
equal the grating am plitudes for bo th  carriers are equal and the SSPG  experim ent yields 
the true am bipolar diffusion length. H ow ever, i f  the m obilities are no t equal the grating 
am plitudes w ill differ due to faster diffusion o f  one type o f  carrier. In this case the 
m easured diffusion length is not the true am bipolar diffusion length, bu t depends on the 
ratio o f  the carrier m obilities and the ratio  o f  lifetim e to dielectric relaxation  time.
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F or the oligom ers studied here it is likely that conduction is unipolar, holes 
being  the m ajority  carrier type. Electrons are assum ed to be effectively im m obile, thus 
p p »  p n. In this situation w e w ould expect the hole grating am plitude to be sm all due 
to faster diffusion o f  holes. The resulting decrease in  the recom bination rate w ould lead 
to an increase in the electron grating am plitude. Thus in the oligom ers studied w e 
w ould  expect to obtain a photocarrier grating, although the m easured diffusion length 
w ould  not correspond to the true am bipolar d iffusion length.
In  the above discussion w e have so far neglected the effect o f  an applied field. It 
has been  dem onstrated (R itter et a l., 1988) that the application o f  h igh  fields during a 
SSPG  experim ent can lead to a  blurring o f  the photocarrier grating, i.e. a  reduction in 
the grating am plitude. The effect is m ore pronounced the low er the ratio  o f  x /x rel. In the 
present m aterials x /x rel is roughly 0.05 w hich is considerably low er than  typical values 
for a-Si:H  (x /x reI is typ ically  about 20), in  w hich the im portance o f  field induced 
b lurring o f  the photocarrier grating has been dem onstrated by  the above authors. The 
SSPG  experim ent carried out in this w ork w as perform ed w ith an applied  field o f  104 V 
cm '1, th is m agnitude o f  field has been show n to affect the grating am plitude in a-Si:H. 
Thus a h igh  field m ight be  expected to com pletely b lu r any photocarrier grating form ed 
in the oligom ers studied here. H ow ever, i f  electrons are indeed im m obile in  these 
m aterials w e w ould  still expect to observe a grating effect. A  h igh  field  w ould  reduce 
the am plitude o f  the hole grating bu t w ould no t affect the am plitude o f  the electron 
grating.
U sing a rough value for the  m obility  o f  10'7 cm 2 V '1 s '1 w e can estim ate the 
diffusion coefficient, and thus the carrier diffusion length in pentacene using the carrier 
lifetim e quoted above. From  the Einstein relation w e obtain a diffusion coefficient o f
2.6 x 10'9 cm 2 s '1 at 300 K. The diffusion length is given by  L D =  *jD Tr and w orks out
at ~  50 nm . This m agnitude o f  diffusion length is o f  the sam e order o f  m agnitude as 
that com m only found in am orphous silicon (W ebb, 1994). It w ould  thus appear that the 
lack o f  a photocarrier grating effect in the oligom ers m ust be  due to the experim ental 
system  being unable to resolve the sm all, sinusoidal grating on top o f  the  large uniform  
background illum ination. This is perhaps the m ost likely explanation, as even in 
pentacene (w hich has the best photoresponse o f  all the oligom ers, at room  tem perature) 
the ratio o f  photo- to dark current is poor com pared to that in a-Si:H . Experim entally , 
the pentacene photocurrent w as found to be very noisy, w hich m ay have sw am ped the 
expected photocurrent drop due to grating form ation.
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7.1.4 Sample annealing and the effects of ambient atmosphere
The m ajority  o f  results obtained from the oligom ers in  this study were 
perform ed on sam ples under vacuum , w hich had been annealed in  order to decrease and 
stabilise the dark  current. How ever, because annealing and exposure to air was found to 
have such a drastic effect on the dark current in som e sam ples, tentative studies w ere 
m ade o f  these processes. (It should be poin ted  out that the effects described above are 
not strictly w ith in  the rem it o f  this project and thus the results presented  here are in no 
w ay exhaustive, how ever it w as considered useful to obtain som e know ledge o f  how  
these processes affect the dark and photocurrents).
It has already been show n in § 7.1.2 that annealing the o ligom ers can lead to 
very large decreases in the conductivity. Sim ilar changes in conductiv ity  have been 
observed in  o ther organic m aterials, e.g. in poly(p-phenylenevinylene) by M eyer et al. 
(1995) and in a-sex ith iophene by  H orow itz et al. (1990). M any authors im ply that 
annealing sim ply rem oves absorbed (or adsorbed) oxygen w hich  acts as an electron 
acceptor and dopes the m aterials; sam ples are therefore annealed in vacuum  w ith 
subsequent m easurem ents being perform ed w ithout exposure to am bient atm osphere 
(M eyer et a l ,  1995). H ow ever m ore detailed studies o f  the  annealing process have 
suggested that sim ple oxygen diffusion out o f  the th in  film s is on ly  one o f  the processes 
occuring on  heat treatm ent. H orow itz et al. (1990) have show n that annealing a -6 T  
FETs increases the (field-effect) m obility  by a factor o f  3-4 w hile at the sam e tim e 
decreasing the conductivity. The increase in the m obility  w as found to be irreversible, 
bu t the initial conductiv ity  could be recovered on exposure to am bient air. Thus in this 
case annealing increases the m obility  and decreases the carrier density, these effects 
being ascribed to crystallisation o f  the film s. In the case o f  pentacene annealing leads to 
an order o f  m agnitude decrease in the m obility  (in the SCL current regim e), but an 
insignificant change in the carrier density  (see § 7.1.2.1).
The effect o f  oxygen absorption on th in  film s o f  th iophene based  polym ers has 
been studied by  A bdou et al. (1997), and com m ented upon by  V aterlein  et al. (1997). 
H orow itz et al. also studied this effect in  a -6 T  before and after annealing. It w as found 
in  all cases that oxygen absorption led to a  reversible increase in  conductiv ity , but there 
is disagreem ent on the effect oxygen has on the carrier m obility. H orow itz  et al. show 
that the increase in cr is accom panied by  a sm aller increase in p , w hereas A bdou et al. 
have observed a decrease in m obility  on oxygen doping. B oth  m easurem ents w ere
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perform ed on FE T  structures. These results im ply that, in general oxygen increases the 
carrier density. A bdou et al. have show n that oxygen form s a charge-transfer com plex 
w ith  poly(thiophene). D issociation o f  this com plex w ith  electron transfer to the oxygen 
w ill result in holes being generated on the thiophene units. D issociation is presum ably 
tem perature and field activated as in the O nsager m echanism  (§ 4.2.2). The observation 
reported in  § 7.1.2.1 o f  a significant difference betw een the dark currents o f  TV D  and 
TV C w hich  only differ in  chem ical structure by  four m ethyl groups m ay be explained 
using this m odel. I f  the m ethyl groups inductively donate electrons to the thiophene 
backbone the resulting  com plex betw een a TVD m olecule and 0 2 m ay require less 
energy to dissociate, as electrons delocalised on the TV D  m olecule are less strongly 
bound.
The effect o f  exposure to am bient air o f  an unannealed, coplanar pentacene 
sam ple is p resented in  fig. 7.25.
F i g  7 . 2 5  E f f e c t  o f  a m b i e n t  a t m o s p h e r e  o n  a  c o p l a n a r  p e n t a c e n e  s a m p l e .
It can be seen that for this coplanar sam ple oxygen absorption/adsorption does not lead 
to an increase in  the dark current, in fact the dark current is found to decrease. O n 
exposure to air the current rises rapidly  then decreases m ore slow ly to a value slightly 
below  its steady state value under vacuum . This type o f  response w as found to be 
com m on for all the oligom ers in  coplanar configuration. Fig. 7.26 show s sim ilar data 
for an A l/T V D /A u sandw ich sam ple. In  th is case (as in  the I-V  curves) exposure to
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am bient air has a profound effect on the dark current and the m agnitude o f  the  current 
increase also appears to depend on the polarity  o f  the electrodes. U nder forw ard bias 
(Au +ve) the dark  current increases by  about one order o f  m agnitude on exposure to 0 2. 
There is a rapid  initial rise follow ed by a m ore slow ly increasing region. U nder reverse 
bias the current increases by  alm ost two orders o f  m agnitude. A gain  there is a fast 
initial rise follow ed in this case by a slow  decay. In § 7.1.2 it w as show n that for this 
sam ple the I-V  curve exhibited rectifying behaviour and that exposure to oxygen 
changed th is curve so that there w as an apparent ohm ic loss at h igh  fields under forward 
bias (fig. 7.13).
Fig.7.26 Increase of dark current in a Al/TVD/Au sample on exposure to air, with each electrode
positive.
The data in  fig. 7.26 agree w ith  the I-V  under vacuum  in that the forw ard bias current is 
larger than the reverse current (although the absolute m agnitudes do no t agree). 
H ow ever upon exposure to 0 2 it is found that the forw ard current becom es less than the 
reverse current, w hereas the I-V  suggests that the forw ard current should be about two 
orders o f  m agnitude greater. This observation is hard to reconcile w ith  the I-V  curve for 
this sam ple, w hich  shows that in air and in vacuum  the forw ard current is alw ays larger 
than the reverse current. H ow ever, it can  be seen that after the initial fast response the 
forw ard current continues to increase w hile the reverse current slow ly decreases, the 
author can only suggest that given a long enough tim e interval the respective currents
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should reach the values obtained from the I-Vs. It has been observed by  V aterlein  et a l  
(1997) that the application o f  high fields across o ligothiophene sam ples increases the 
dark current. The I-V  m easurem ents w ere perform ed in bo th  directions by  slow ly 
increasing the voltage tow ards the m axim um  value and ensuring that the current was 
stable before  tabulation, w hereas the data in  fig. 7.26 are essentially  transient, the 
sam ple being exposed to air suddenly w ith 5V applied. Thus the slow ly increasing and 
decreasing sections in  fig. 7.26 m ay represent the  sam ple recovering from  a rapid 
change in  experim ental conditions.
The increased effect o f  oxygen on the sandw ich sam ples as com pared to the 
coplanar sam ples suggests that the absorption o f  oxygen is a surface o r in terfacial effect, 
at least in  the tim e scales exam ined in  figs. 7.25 and 7.26. I f  absorbed oxygen does 
indeed create carriers in the oligom ers the coplanar data suggest that this is a very slow  
process as little change in  current is observed w ith in  the experim ental tim escale, thus 
diffusion into or out o f  the bulk  m ust be slow  (cf. V aterlein et al., 1997). The large 
effect in  the sandw ich sam ples m ay be due to absorbed oxygen accum ulating at the top 
electrode/oligom er interface and causing carrier injection. A  sim ilar explanation was 
used by  G ailberger et al. (1992) to explain quantum  efficiencies greater than unity  in 
poly (3 -dodecylth iophene).
C arrier generation in  the thiophene oligom ers m ight thus be  pictured as follows. 
A  thiophene unit and an oxygen m olecule form  a com plex. D epending on the 
tem perature and field th is com plex w ill dissociate w ith  a  certain probability  resulting in 
a hole on the thiophene unit and a electron on the oxygen m olecule. The electrons are 
presum ably  very strongly localised on the oxygen m olecule and are thus rendered 
essentially im m obile. H ow ever, the low  ionisation energy and large electron affinity o f  
thiophene m eans that hole m otion, w hich is equivalent to an electron hopping from  a 
neutral th iophene unit to a radical cation, w ill be energetically  favourable at reasonable 
tem peratures and fields (M ort and Pfister, 1985). This explains the observation that 
current flow  in such m aterials is unipolar. I f  a situation such as this is valid  for the 
m aterials studied here it suggests that recom bination can be considered to occur betw een 
m obile holes and trapped electrons (cf. A s2Se3, see O renstein, K astner and V aninov,
1982). This w ill be further discussed in § 7.2.1.
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7.2 Transient results
In  this section w e w ill discuss the transient photocurrent resu lts obtained using 
the transient photocurrent decay m ethod w hich w as perform ed as a function o f  
tem perature, field  and illum ination intensity. The tem perature dependence o f  the TPC 
decays w ill be discussed in  § 7.2.1.1. A ttem pts at recovering the density  o f  states from  
the experim ental data w ill also be  included and discussed in this section. The field and 
illum ination intensity  dependencies o f  the TPC decays w ill be presented in § 7.2.1.2. 
TPC  w as also carried out w ith optical bias to investigate recom bination, and these 
results are contained in § 7.2.1.3. A lso included in this section are m easurem ents o f  the 
persistent photocurrent w hich w ere found to be characteristic o f  the oligom ers.
7.2.1 Functional dependencies of the transient photodecay
The transient photocurrent decay technique w as carried out on all oligom ers as a 
function o f  tem perature, intensity  and field. The transients so obtained w ere found to be 
largely sim ilar from  m aterial to m aterial, fig. 7.27 shows room  tem perature TPC  decays 
for all the oligom ers perform ed using the Philips m ask electrode.
B etw een 10'8 and typically  10'4 s the decays are quite steep, approxim ately 
follow ing a f 1 pow er law. A t longer tim es this changes over to a shallow er slope, w ith 
no indication, up to about 10 s, o f  the decays therm alising to a constant current. The 
straight lines are included as a guide to the eye. Short tim e (< 10 ns) recom bination 
cannot be ru led  out, but there is no indication o f  significant recom bination  occurring 
w ith in  the experim entally  observed tim e scale. I f  this is so, then it m ay be assum ed that 
the decays sim ply reflect charge carrier therm alisation w ithin localised  states, i.e. the 
form  o f  the decaying photocurrent w ould  reflect changes in the carrier m obility  only. 
Changes in  the photocurrent m agnitude due to varying the tem perature, field or intensity 
cannot how ever be solely attributed to the dependence o f  m obility  on these variables as 
they m ay also affect the carrier density  . In the case o f  hopping the m obility  represents 
an average over all transport paths, w hereas for m ultiple trapping an effective (drift) 
m obility , p d is obtained w hich is the band m obility , p 0 m ultip lied  by  the ratio o f  free to 
trapped charge, 0.
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Fig. 7.27 Room temperature TPC decays for all oligomers.
For trap-controlled hopping the situation is sim ilar to m ultiple trapping although the 
m agnitudes o f  the transport controlling param eters w ill differ and field dependencies 
m ay occur.
The difference in the m agnitude o f  the photocurrent from  oligom er to oligom er 
does not appear to change appreciably over the tim e scale exam ined i.e. the curves are 
eventually parallel. This suggests that a  sim ilar therm alisation process is occurring in 
all m aterials (the apparent increase in slope at long tim es in the TV B decay is probably 
unreproducible as the photocurrent is sm all com pared to the dark current). I f  the 
photocurrent is sim ply a reflection o f  the carrier m obility  then this suggests that the 
form  o f  the distribution o f  localised states is largely sim ilar in  all the oligom ers The 
relation betw een the absolute m agnitude o f  the transient photocurrents for the oligom ers 
does no t agree w ith  that obtained from  steady state m easurem ents (see table 7.2). In the 
steady state the photocurrents are in the order TV D >pentacene>TV B >TV C , the 
transient photocurrents how ever are in the order TV C >TV D /TV B >pentacene, the 
transient photocurrent m agnitudes in TV D  and TVB are neglig ib ly  different. This 
different relation betw een the steady state and transient photocurrent m agnitudes is 
perhaps not surprising as the m agnitude o f  the steady state photocurren t is given by the
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rprc, product, w hereas the  m agnitude o f  the transient photocurren t should  only depend 
on r |p ( t)  before recom bination.
7.2.1.1 Temperature dependence of TPC and DOS recovery
Fig. 7.28 show s the effect o f  varying the tem perature on the TPC  decay in TVC. 
The overall form  o f  the decay is sim ilar in that it retains a tw o-slope form . Increasing 
the tem perature can be seen to decrease the index o f  the long tim e shallow  slope w hile 
only increasing the m agnitude o f  the short tim e ~  t '1 region. The tim e at w hich the f 1 
slope changes into the tem perature-dependent long tim e slope is itse lf  essentially 
independent o f  tem perature, occurring in all cases at about 10 ps. A  sim ilar type o f  
tem perature dependence has been observed in the o ther oligom ers. F ig.7.29 shows data 
for therm ally  evaporated pentacene. A lthough the transition tim e betw een the tw o slope 
regions certainly occurs at a shorter tim e, its precise value cannot be determ ined from 
the data.
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Fig. 7.28 TPC decays for TVC parametric in temperature.
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Fig. 7.30 show s TPC decays for TV D  param etric in tem perature. In this case it 
can be argued that recom bination is altering the form  o f  the three h ighest tem perature 
decays, and thus it is possib le that the form  observed in figs. 7.28 and 7.29 w ould  be 
recovered i f  no recom bination w ere occurring. B oth the b im olecular and 
m onom olecular recom bination lifetim es are expected to be tem perature dependent.
F i g .  7 . 2 9  T P C  d e c a y s  f o r  t h e r m a l l y  e v a p o r a t e d  p e n t a c e n e  p a r a m e t r i c  i n  t e m p e r a t u r e
For m onom olecular recom bination the tem perature dependence o f  the lifetim e depends 
on the therm ally-generated density o f  recom bination centres and ja(T), w hereas the 
b im olecular recom bination lifetim e only depends on the latter. It has already been 
show n that the dark current in TV D  is larger than the steady state photocurrent thus it is 
likely that the recom bination occurring in fig. 7.30 is m onom olecular. It is clear 
how ever that the recom bination rate is very low. N ote that at the h ighest tem perature 
recom bination has resulted  in  an erosion o f  the ~  t '1 decay.
A lso show n in fig. 7.29 are a t '1 slope and a fit to the long-tim e, tem perature 
dependent slope given a value w ith an exponent - ( l - a j  as in d ispersive TO F signals 
(Scher and M ontroll, 1975). The term  a d is know n as the dispersion param eter and can 
vary betw een 0 (fully dispersive, 8ipc oc t '1) and 1 (non-dispersive, 5ipc = constant). Thus 
the short-tim e t '1 slope indicates that transport over this tim e range is fully dispersive ( a d
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= 0), and it can be seen that the slope is tem perature independent. It has been shown 
that for m ultiple trapping in an exponential DOS that,
ccd =  T/T0 (7.11)
w here T 0 is the w idth  o f  the d istribution o f  localised states in tem perature units (see for 
exam ple, P fister and Scher, 1978).
F i g .  7 . 3 0  T P C  d e c a y s  f o r  T V D  p a r a m e t r i c  i n  t e m p e r a t u r e .
It has also been show n that eq. 7.11 applies to hopping in an exponential DOS (Silver et 
al., 1982, M onroe, 1985).
F or hopping in  a gaussian D O S o f  w id th  crg M onte C arlo sim ulations yield 
(Schonherr, B assler and Silver, 1981),
1 f  Gg 1
a d ~ U  k BT j
(7.12)
In both  cases the tem perature dependence o f  the dispersion param eter is due to a spread 
in the activation energies o f  the carriers (M ort and Pfister, 1982). Thus from  eqs. 7.11
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and 7.12 it is possib le to estim ate T 0 and a g using  the values o f  a d obtained from  the 
slope o f  the tem perature dependent region o f  the  TPC decays at d ifferent tem peratures. 
Fig. 7.31 show s values for a d plotted  vs. T. T he slope o f  this graph should yield a value 
for T0. From  the best-fit straight lines a  value for T0 o f  461 K  is obtained, w hich 
corresponds to an exponential (valence band) tail o f  w idth  40 m eV . N ote  that for this fit 
a d becom es equal to zero at about 77 K , w hich  im plies that (i) below  this tem perature 
TPC  decays w ill exhibit a slope o f  t '1, (ii) above 461 K  TPC  decays should be non- 
dispersive, i.e. a constant current p lateau w ill be  observed.
F i g .  7 . 3 1  T e m p e r a t u r e  d e p e n d e n c e  o f  t h e  d i s p e r s i o n  p a r a m e t e r  f o r  p e n t a c e n e .
D ue to tem perature lim itations how ever, TPC  decays were not obtained at either o f  
these tem peratures: 77 K  w as below  the lim it o f  the cryostat, and the photocurrents were 
too sm all to m easure below  approxim ately 180 K. A t the other end o f  the tem perature 
range it w as found that under vacuum  raising the tem perature above ~  410 K  led to 
evaporation o f  the oligom er.
F ig  7.32 show s the sam e data p lotted  according to eq. 7.12. The fit to the data o f  
fig. 7.31 results in  a w idth  o f  0.12 eV for the  gaussian D O S, w hich  is typical o f  the 
w idths obtained experim entally  from  TO F m easurem ents on m olecularly  doped 
polym ers (M agin and Borsenberger, 1993). N ote that in this case the best-fit line 
suggests that non-dispersive transport should occur above 733 K. F rom  a consideration
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o f  the intercepts o f  figs. 7.31 and 7.32 it w ould  appear that the  fit to eq. 7.12 is slightly  
better: the in tercept is quite close to unity  as predicted, w hereas that in fig. 7.31 can be 
seen to be quite erroneous.
(1 o3/t>2 (1 o3 k:2)
F i g .  7 . 3 2  D i s p e r s i o n  p a r a m e t e r  f o r  p e n t a c e n e  p l o t t e d  a c c o r d i n g  t o  e q .  7 . 1 2 .
A  problem  w ith  the above analyses is that each assum es a D O S and then attem pts to fit 
the data to the theory. It w ould be m ore desirable to em ploy an analysis w hich does not 
in itially  assum e a distribution for the density  o f  states. W e can interpret the form  o f  the 
D O S qualitatively from  the form  o f  the TPC decays. F rom  a m ultiple trapping 
view point the t*1 current decay at short tim es w ould be caused by  a flat density  o f  states, 
w hereas the longer tim e, tem perature dependent, decay w ould be due to an exponential 
region, presum ably  o f  the w idth  predicted  by  the fit o f  a d vs. T  in  fig. 7.31. Fig. 7.33 
show s com puter sim ulated decays (using a program  sim ilar to that described in § 5.2) 
obtained from  carriers m oving by  m ultip le trapping in a  D O S o f  the form  described 
above, it can be seen that in  m any w ays the decays are sim ilar to those o f  figs. 7.28 and 
7.29, i.e. they show  a short tim e ~  t*1 decay and a shallow er, long tim e, tem perature 
dependent slope. The m ain problem  w ith  the sim ulated decays is that the transition 
tim e betw een the tw o decay regim es is tem perature dependent, w hereas in  the 
experim ental decays the transition occurs at a sim ilar tim e at all tem peratures. This is a 
reflection o f  the fact that for m ultiple trapping the dem arcation energy s d sinks at a  rate
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kBT ln(u t), thus at h igher tem peratures the dem arcation energy w ill pass into the 
exponential section o f  the DOS at an earlier time.
F i g .  7 . 3 3  S i m u l a t e d  T P C  d e c a y s  f o r  f l a t  +  e x p o n e n t i a l  D O S .
To fully  explain the TPC  decays w e need to arrive at a  m odel w hich can explain 
the tw o-slope form  o f  the decay, and the apparent insensitiv ity  o f  the transition  tim e to 
tem perature change. It has been show n that hopping in an exponential density  o f  states 
results in  sim ilar transient photodecays to those due to m ultip le trapping (Silver, 
Schonherr and B assler, 1982). H opping in an exponential DOS can be explained in the 
follow ing way. Carriers are trapped in the DOS at tim e t =  0 in  a distribution that 
parallels the  density  o f  traps, carriers trapped high  in the D O S have h igh  hopping rates 
due to the h igh  trap density, w hereas those trapped deeply have slow  hopping rates 
because the density  o f  states is small. The distribution o f  trapped carriers can therefore, 
at any arbitrary tim e interval after trapping, be separated into those in  fast and slow 
states depending on their energy. Carriers initially  situated in  shallow  states w here the 
trap density  is high w ill m ove by  hopping directly  dow n in  energy because the overlap 
term  for the hop rate dom inates (eq. 4.51). They w ill accum ulate in  deep states, again in 
line w ith  the trap distribution. Carriers in  deep states w ith  slow  rates w ill no t have 
hopped at all and w ill thus m irror the density  o f  states. Thus shortly after trapping the
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m ajority  o f  carriers w ill be found at an energy w hich  separates the fast from  the slow  
states, th is is know n as the dem arcation energy, and it is defined as the energy at w hich 
the hopping-out rate is equal to the reciprocal o f  the elapsed tim e (note the sim ilarity  to 
m ultiple trapping). Initially  the current w ill be dom inated by  carriers “hopping dow n” 
to low er energy states, in  th is situation the current decays as t '1 and it has been  show n 
that the dem arcation energy sinks at a rate given by
ed (t)  = k Br0 l n f ^ j  - 3 k BT0 ln[ln(<y)] (7.13)
w here a loc is the  inverse localisation length and N L is the total density  o f  localised  states 
(M onroe, 1985). As cd sinks deeper into the DOS the hopping dow n rate decreases as it 
becom es increasingly  hard for a carrier to find a nearby state to hop to. A fter a certain 
tim e it becom es m ore favourable for carriers to hop up in energy as this increases the 
num ber o f  states available for therm alisation. Further therm alisation then occurs by 
trap-controlled hopping, in this case the therm alisation energy sinks at a rate given by 
kBT ln(ut). In  the trap-controlled hopping process carriers trapped deeply in the DOS 
are excited to a transport energy, s t w hich is given by
st =
3k T  (An /  3)
-3 k  T  In— ^ -----—
b o  2 a  akT
1 / 3
loc
(7.14)
For an exponential DOS the hopping dow n regim e is only predicted to occur at low 
tem peratures (<  200K ) at any reasonable value o f  T0. The hopping dow n rate is 
independent o f  tem perature, bu t is dependent on the form  o f  the density  o f  states, thus 
hopping in an exponential D O S at room  tem perature should no t show  a hopping  dow n 
regim e, and even at low  tem peratures the transition  betw een the tem perature 
independent and dependent regim es w ill rely  on tem perature. Thus hopping  in an 
exponential D O S cannot explain the TPC decays show n in figs. 7.28 and 7.29 because 
this form  o f  D O S predicts a tem perature dependent transition tim e betw een the hopping 
dow n and trap-controlled  hopping regim es, and at room  tem perature a  t '1 decay should 
not be observable.
151
Thus so far w e have concluded that neither hopping nor m ultip le  trapping in an 
exponential D O S can explain the experim ental decays. Furtherm ore sim ulation has 
show n that m ultip le trapping in a flat + exponential D O S fails to account for the form  o f  
the experim ental decays. H ow ever i f  w e now  consider hopping  transport in a  flat + 
exponential D O S w e w ill see that the experim ental decays can be  explained. I f  we 
assum e that the carriers are in itially  produced uniform ly in the trap distribution w e will 
have a situation depicted as in fig. 7.34.
t -0  t » o
Fig. 7.34 Carrier distribution in flat + exponential DOS at different times.
A fter a short period  o f  tim e the carrier d istribution w ill evolve as show n above, again 
the hopping dow n rate is independent o f  tem perature bu t in  this case it is also unaffected 
by the form  o f  the DOS. Thus the dem arcation energy should sink at the sam e rate at all 
tem peratures, and the transition  to the trap-controlled hopping regim e occurs at the sam e 
tim e for all tem peratures.
The form  o f  the density  o f  states predicted  above to explain the experim ental 
decays is perhaps not physically  realistic, furtherm ore the initial occupation o f  the states 
is very unlikely  unless there is a m obility  edge from  w hich carriers are uniform ly 
trapped. In  a m ultiple trapping situation, w ith  a w ell defined m obility  edge, such a 
density  o f  states m ay be possible, the flat region m ay not have to be to ta lly  flat bu t m ay 
be caused by  a very slow ly decreasing D O S. H ow ever, in a hopping situation in w hich 
all the transport states are localised it is hard to argue for such a form  for the  D O S, 
w hich  is m uch m ore likely to have a roughly  gaussian shape.
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In  order to try  to  clarify the situation the density o f  states ob tained  by  processing 
the experim ental TPC  data v ia the Fourier transform  program  (described in  § 4.3.3) w as 
com pared w ith  that predicted  qualitatively above. (It is pointed ou t that the FT m ethod 
for DOS retrieval from  TPC  data is based on a m ultiple trapping transport m echanism , it 
therefore m ay no t be applicable to system s in w hich transport occurs solely by hopping, 
how ever it is likely that it w ill w ork for trap-controlled hopping, because in this case the 
concept o f  a carrier dem arcation energy has been show n to be valid). Fig. 7.35 shows 
the calculated, unsealed density  o f  states obtained from  the TPC  decays o f  pentacene in 
fig. 7.29 at tw o different tem peratures.
Fig. 7.35 Pentacene density of states obtained by the application of the Fourier transform program to
experimental TPC data.
The FT program  w as run  on the raw  TPC  data w ith  the default param eters and no short 
tim e extrapolation o f  the decay. An attem pt to escape frequency o f  1012 s '1 w as used to 
define the energy scale. In the DOS plots o f  fig. 7.35 the deep energy exponentials at 
each tem perature are o f  slope ~  k BT and are an artefact o f  the FT  calculation. The form  
o f  the DOS returned  by  the FT program  can be  seen to have regions w hich m ay explain 
the form  o f  the TPC decays, after a steep initial tail there is a flat region w hich gradually  
evolves into a w ide exponential tail o f  slope ~  76 m eV  at deep energies.
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O verlapping the density o f  states distributions obtained from  TPC decays at 
different tem peratures builds up a com posite picture o f  the D O S over a w ide energy 
range, how ever it w as found that in order to produce a reasonable fit the attem pt to 
escape frequency had  to be decreased. In  addition to th is the  generated carrier density 
had to be altered fo r  each tem perature  (NB. A lthough the attem pt to escape frequency 
had to be decreased the sam e value w as used for decays at d ifferent tem peraures). Fig. 
7.36 shows the com posite DOS. N ote that the value used  for the pulsed carrier density  
at each tem perature w as sim ply used to fit the graphs and is not expected to represent 
the true value, how ever the fact that it m ust be altered at different tem peratures suggests 
that carrier generation (quantum  efficiency) is tem perature dependent.
Fig. 7.36 Composite DOS obtained by varying u and the pulsed carrier density.
It is illustrative to com pare the density  o f  states obtained in  fig. 7.36 above w ith  that 
obtained from  the sim ulated TPC decays o f  fig. 7.33. These decays w ere produced by 
m ultiple trapping in a density o f  states that is flat at shallow  energies and exponential 
below  0.5 eV (kBT0 ~  57 meV). Fig. 7.37 shows the resulting  D O S w ith and w ithout a 
t*1 short tim e extrapolation o f  data. It can be seen that w ithout short tim e current 
extrapolation the FT program  fails to “see” the shallow  energy flat region o f  the D O S, 
illustrating the im portance o f  short tim e current data to the calculation o f  the Fourier 
integral w ith in  the program  (see W ebb, 1994 for m ore detailed consideration o f  this
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problem ). W ith  the short tim e current extrapolated back  several orders in  tim e the flat 
region o f  the  D O S is recovered, note that in both  cases how ever the FT  program  does 
resolve the exponential region o f  the D O S. For m ultip le  trapping transport the attem pt 
to escape frequency is usually  assum ed to  be o f  the  order o f  1012 s '1, using  th is value 
w ith the experim ental decays how ever leads to badly  overlapping D O S distributions at 
different tem peratures. It is found that a value o f  around 108 s '1 provides a reasonable fit 
over the  tem perature range studied. This observation m ay indicate that trap-controlled  
hopping is the transport m echanism , rather than m ultip le trapping.
Fig. 7.37 DOS obtained from simulated TPC decays of fig. 7.33, with and without short time current
extrapolation.
It is know n that for m ultip le trapping in  an exponential D O S, TPC decays obtained at 
different tem peratures can be  extrapolated back in tim e and intercept at a tim e w hich is 
equivalent to the reciprocal o f  the attem pt to escape frequency. It has also been show n 
that for trap-controlled hopping the sam e procedure gives the average hopping 
frequency at the transport level as this is w hat replaces the band in a m ultip le  trapping 
m odel (M onroe, 1985). W hen the decays o f  fig. 7.29 are extrapolated back they 
intercept at approxim ately 15 ns w hich corresponds to an attem pt to escape frequency o f  
~  0.7 x 108 s '1 w hich is very close to the value used to fit the density  o f  states in fig. 7.36 
(108 s '1). The sam e procedure applied to the TPC  decays obtained from  TV C  yields a
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value for u  o f  0.3 x 108 s '1. These values for u  are too sm all for m ultip le  trapping, thus 
w e m ust assum e that for these m aterials u  represents the average hopping  frequency at a 
transport level in  localised states, and that after a  certain tim e in terval transport occurs 
by  therm al excitation to th is transport level.
A  further po in t to no te  about the D O S obtained from the FT  m ethod is that the 
exponential slope is not equal to that predicted by  plotting  the d ispersion param eter vs. 
tem perature in  fig. 7.31, w hich is further evidence against the application  o f  eq. 7.11 
and a m ultip le  trapping transport m echanism . It can be seen from  fig. 7.36 that at higher 
tem peratures m ore o f  the exponential region is uncovered, although at least a small 
section is observed at all tem peratures.
From  the above discussion it w ould appear that the FT  technique is able to 
produce a believable density  o f  states i f  trap-controlled hopping is occurring rather than 
m ultip le trapping, how ever it is less clear w hether it can extract a density  o f  states from 
a T PC  decay produced by  hopping alone. To investigate th is situation TPC  decays 
obtained from  a M onte Carlo sim ulation program  o f  hopping in a  gaussian  density  o f  
states w ere processed by  the FT  program . Fig. 7.38 shows TPC  decays at different 
tem peratures obtained from  the M onte Carlo program  (w idth crg =  0.1 eV). It can be 
seen that, as expected, the  current decays to a constant value w hich is tem perature 
dependent and the tim e to reach equilibrium  is also a function o f  tem perature. During 
the decay the initially  gaussian carrier packet sinks from  the centre o f  the D O S (s =  0) to 
the equilibration energy w hich is given by eq. 4.52, retain ing all the tim e an 
approxim ately  gaussian shape (Pautm eier, R ichert and Bassler, 1989). O nce the carriers 
have assum ed their equilibrium  occupation transport occurs by  trap-controlled  hopping 
at a (T -dependent) transport energy. In this case how ever, as com pared to the 
exponential D O S, once trap-controlled  hopping begins the system  is in  equilibrium  and 
the current ceases to decrease. The carrier packet ceases to therm alise because o f  the 
very rapid  decrease in the density  o f  available states in a gaussian distribution. The 
density  o f  states calculated using the FT  program  is show n in  fig. 7.39. It is obvious 
that for this situation the FT  technique is not re turning the actual density  o f  states; firstly 
the form  is not gaussian, and secondly the energy scale is com pletely  inaccurate. 
Furtherm ore the attem pt to escape frequency used in the program  does not result in 
overlapping D O S plots at different tem peratures.
Q ualitatively  the current decay due to a packet o f  injected carriers relaxing in an 
em pty gaussian  DOS states can be interpreted as follows. The carriers are initially
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started, also w ith  a gaussian distribution, at the centre o f  the D O S. They w ill begin to 
relax by  directly  hopping to low er energy states, only for carriers in  deep states w ill 
therm al activation to h igher energies dom inate at early tim es. This hopping dow n 
regim e results in the steep pow er law decay show n in  fig. 7.38. A s the  carriers continue 
to hop dow n the rate decreases because the density  o f  available states decreases rapidly 
w ith  energy, eventually  therm al activation begins to dom inate and at this point the 
occupied density  o f  states assum es its asym ptotic lim it and the carriers cease to 
therm alise. This process causes the transient current to curve over to a  constant value 
until recom bination o r carrier extraction begins to decrease the carrier density.
F i g .  7 . 3 8  M C  s i m u l a t e d  T P C  d e c a y s  d u e  t o  h o p p i n g  i n  a  g a u s s i a n  D O S .
This qualitative description o f  the current decay due to hopping highlights several 
reasons w hy the FT  technique m ight not be valid  in  this case. In  the initial hopping 
dow n regim e the carrier packet sinks at a rate w hich w ill be tem perature independent, 
bu t D O S dependent (sim ilar to eq. 7.14), thus as the density  o f  states decreases the 
carrier packet w ill sink m ore slow ly until therm al activation to a h igher density  o f  states 
becom es m ore favourable. Since the carrier packet is roughly gaussian  at all tim es 
during the decay the resulting  current should reflect the density o f  states as the m ajority  
o f  carriers are at the peak o f  the gaussian. H ow ever the energy scale in  th is case w ill 
probably  not be given by  k BT ln(ut). Once therm al activation to a  transport energy is
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occurring therm alisation stops and the current is constant and thus w e can no longer 
obtain D O S inform ation from  this region o f  the TPC  decay. U sing  the program  
described in  § 5.2 current decays due to m ultiple trapping and hopping in a sim ilar 
density  o f  states can be directly  com pared. Fig. 7.40 shows the TPC  decays produced 
by  m ultip le trapping in a gaussian trapping level o f  w idth  0.1 eV situated 0.4 eV below  
the m obility  edge.
F i g .  7 . 3 9  D e n s i t y  o f  s t a t e s  c a l c u l a t e d  u s i n g  M C  s i m u l a t i o n  d a t a  o f  f i g .  7 . 3 8
Fig. 7.41 show s the resulting D O S returned using the FT  technique w ith no short 
tim e extrapolation o f  the data. It is clear that for m ultiple trapping the FT technique 
recovers the true density  o f  states, in fig. 7.41 the position  and peak  density  o f  the DOS 
is correct. H ow ever the form  o f  the TPC decays and the resu lting  D O S distributions 
due to hopping are quite different as can be seen in  figs. 7.42 and 7.43. In  this case the 
DOS is again 0.1 eV w ide, bu t it is displaced from  the m obility  edge b y  4 eV so that 
m ultip le trapping cannot occur. N ote  also that in this sim ulation (as m entioned in § 5.2) 
the relaxation tim e is incorrect, it is several orders o f  m agnitude too fast at 300 K, 
how ever the general form  o f  the decays at different tem peratures is sim ilar to those 
produced by  the M onte Carlo program . The density  o f  states d istribution obtained from  
the decays o f  fig. 7.42 are unusual due to the problem  m entioned above concerning the
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relaxation time of the carriers, however it can be seen that the form of the D O S  is
similar to that obtained from the M C  decays although the scaling is altered.
F i g .  7 . 4 0  T P C  d e c a y s  p r o d u c e d  b y  m u l t i p l e  t r a p p i n g  i n  a  g a u s s i a n  t r a p  d i s t r i b u t i o n .
Energy (eV)
F i g .  7 . 4 1  D O S  o b t a i n e d  f r o m  T P C  d e c a y s  o f  f i g .  7 . 4 0 .
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Time (s)
F i g .  7 . 4 2  M a t r i x  t e c h n i q u e  s i m u l a t e d  T P C  d e c a y s  f o r  h o p p i n g  i n  a  g a u s s i a n  D O S .
From  the preceding discussions it m ust be  concluded that the FT  technique does 
no t provide a full spectroscopy for a gaussian density  o f  states i f  carriers m ove by 
hopping. M ulller-H orsche et al. (1987) applied a Laplace transform  technique to 
poly(vinylcarbazole) and obtained trapping rate distributions. T hey  found that the 
distribution o f  trapping rates w as flat over the experim entally  accessible range, w hich is 
at least partially  in line w ith  w hat has been observed w ith the oligom ers studied here. 
M eyer et a l  (1995) applied the FT technique to a derivative o f  poly(p- 
phenylenevinylene) and observed an exponential DOS o f  w idth  40 m eV  over an energy 
range o f  about 0.125 eV. In  this case a conventional sem iconductor band  picture w ith 
localised band tails is m ore likely to be valid  than in the oligom ers, how ever the authors 
go on to suggest that delocalised band transport does no t occur to any great extent and 
that transport occurs by  hopping. In the case o f  an exponential density  o f  states trap- 
controlled hopping w ill lead to a density o f  states from  the FT technique. H ow ever, i f  a 
delocalised band does no t exist an exponential distribution o f  localised  states is perhaps 
unrealistic, a gaussian D O S w ould  be m uch m ore likely. This is sim ilar to the situation
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in the present w ork in  w hich it is unclear w hether a genuine m obility  edge exists, or 
w hether transport occurs by  m ultiple trapping o r trap-controlled hopping.
F i g . 7 . 4 3  D O S  o b t a i n e d  f r o m  3 0 0  K  T P C  d e c a y  o f  f i g .  7 . 4 2 .
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7.2.1.2 Field and intensity dependence of TPC decays
V arying the field strength  w as found to have no functional effect on the 8ipc(t) 
curves, the effect o f  field  w as sim ply to increase the m agnitude o f  the transient 
photocurren t (fig. 7.44). (N ote, how ever that the investigated field range is small).
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I f  w e assum e that the carrier density is constant w ith in  the TPC decay tim escale then the 
m agnitude o f  6ipc in fig. 7 .44 can be  due to either the linear increase o f  5ipc w ith field 
(quadratic increase in SC L regim e) and/or changes in  either the m obility  o r the quantum  
efficiency w ith  field. I f  carriers m ove by  m ultip le trapping the instantaneous transient 
photocurrent depends on the density  o f  carriers in  the band w hich  is controlled by 
trapping and release from  localised gap states, leading to a drift m obility . The free 
carrier m obility , p 0 is generally  assum ed to be constant w ith field. T he trapping and 
release equations do not contain field term s and thus changing the field  should  not alter 
the form  o f  the 8ipc curves i.e. the effective m obility  is independent o f  field, this is seen 
to be the case in fig.7.44. H ow ever altering the field should change the m agnitude o f  
5ipc because E appears in the (ohm ic) photocurrent equation, thus 8ipc should vary 
linearly  w ith  field, sim ilarly  in the SCL regim e 5ipc should vary quadratically  w ith  field.
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I f  the quantum  efficiency is field dependent, as m ight be the case i f  carriers are 
produced  by  the m odel suggested in § 4.2.2, then  the increase in  the m agnitude o f  8ipc 
m ay also contain a com ponent due to this. The result o f  p lo tting  the instantaneous 
transien t photoconductiv ity  against the field strength  is show n in  fig. 7.45
In the linear regim e the photoconductiv ity  should  be independent o f  field as is seen to 
be the case. The two data points at h igher fields suggest that in  this range the 
photoconductiv ity  is in the SC L regim e, this is in  line w ith the photo-I-V  curves w hich 
show  a transition  at around th is field strength.
I f  carrier m otion proceeds by  hopping the m ain  difference from  the m ultiple 
trapping case is that the m obility  should be field  dependent. U nlike m ultip le trapping, 
in  w hich  a trapping/release cycle involves no spatial displacem ent and is therefore not 
affected by field, on hopping a carrier actually alters its position and is thus affected by 
the field  strength and direction. F ig.7.46 show s M C  sim ulated TPC  decays o f  carriers 
hopping in a gaussian D O S o f  w idth 0.1 eV, param etric  in field. In the sim ulation the 
injected carrier density  is constant and there is no recom bination, thus in  this case the 
curves directly  reflect the tem poral variation o f  the m ean carrier velocity  in  the x 
direction, 8vx (t) w hich is proportional to the m obility .
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Fig. 7.46 MC simulated TPC decays parametric in field for hopping carriers in a gaussian DOS.
The sim ulation decays represent a physically  unlikely situation, i.e. data obtained at 800 
K , the sim ulation w as run  at this tem perature sim ply because it decreases com putation 
tim e. H ow ever, the  result clearly show s that the field strength does affect the form  o f  
the 8v(t) curves. It can be seen that at the shortest tim es the currents are sim ilar for all 
fields, bu t as tim e increases the effect o f  the field gradually  begins to alter the form  o f  
the 5v(t) curves. The currents are sim ilar at the start o f  the decay because the m agnitude 
o f  the field is not explicitly  included in the expression for determ ining the current, this 
m eans that the currents are effectively norm alised at the shortest tim es because a fixed 
density  o f  carriers are started from  the x =  0 p lane and w ill thus have sim ilar initial 
velocities. A  m ore realistic TPC  sim ulation w ould start the in jected  carriers in  an 
exponential distribution from  the x =  0 p lane as carriers are not generally strongly 
absorbed in  the TPC  technique, how ever this w as not incorporated  in  the sim ulation. 
N ote also that the M C  sim ulation technique takes no account o f  a  field  (or tem perature) 
dependence o f  carrier generation, w hich could alter the initial currents.
A s the field is increased the p(E ) curves therm alise m ore rapidly  to a constant 
current, steady state situation, this is in  line w ith  the D LH  theory w hich predicts a field- 
induced narrow ing o f  the  DOS (Bassler, 1993). To obtain v(E) (and thus p(E )) from  the 
decays w e w ould  have to m easure the change in 5v w ith  field w hen  the decays have
164
decays w e w ould  have to m easure the change in  5v w ith  field  w hen the decays have 
therm alised to a constant velocity; in the sim ulation case this represents v(E) and 
therefore p(E ) directly, in  a real sam ple how ever p(E ) w ould  need to be corrected for 
the linear increase o f  5ipc w ith field (quadratic in the SC L regim e). The D LH  theory 
predicts an E 1/2 field dependence o f  the m obility  at h igh  fields w hereas at low  fields the 
m obility  is show n to be relatively field independent. The data in fig. 7.44 do not show 
any change in  form  w ith  field w hich suggests that the m obility  has a  neglig ible field 
dependence in this range. This im plies that the field strengths are in the field 
independent range o f  the m obility  i f  the D LH  m odel is to be valid. The field 
independent regim e o f  the m obility  generally lies below  about 105 V  cm '1 (Bassler,
1993) thus w e are very likely to be in this regim e as fields above 10s V  cm '1 w ere not 
applied to the oligom ers studied in  this work.
Fig. 7.47 show s the effect o f  changing the illum ination intensity  on the TPC
decays.
Fig.7.47 TPC decays for TVC at 360 K, parametric in pulse intensity.
Increasing the in tensity  w ill be expected to linearly  increase the m agnitude o f  the 
transient photocurrent before recom bination begins as m ore charge carriers w ill be 
present, i f  recom bination occurs w ith in  the experim ental tim efram e the functional form  
o f  the decays w ill be  altered. The transient photocurrents m easured at 0.4  s for the
165
decays in fig.7.47 are show n vs. intensity in fig.7.48. From  this p lo t it can  be seen that 
the TPC  response is sublinear, exhibiting a slope o f  0.63, although this value cannot be 
regarded as accurate due to the lack o f  data points.
Photon dose (cm-2)
Fig. 7.48 Transient photocurrent measured at 0.4 s vs. photon dose.
The decays at different intensities do not change functionally  in the experim ental 
tim escale, so it m ust be assum ed that no recom bination is occurring at these tim es, 
how ever a sublinear dependence o f  TPC w ith intensity  suggests that recom bination m ay 
have occurred at short tim es, i.e. before ~  10 ns. S im ilar sublinear behav iour o f  the TPC 
m agnitude on intensity  has been observed in  the other oligom ers. Fig. 7.49 shows data 
for pentacene m easured at 380 K . For this sam ple the TPC  response is again  sub-linear 
suggesting early recom bination, how ever for this sam ple there appears to be a 
recom bination feature at long tim es, although the decrease in current is not particularly  
clear from  the data. The tem perature is relatively h igh and the turnover to the steeper 
slope does not seem  to be dependent on intensity  w hich suggests that the recom bination 
is m onom olecular, again how ever the change in  slope is quite sm all w hich  m eans that 
the recom bination rate is slow.
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Fig. 7.49 TPC decays for thermally evaporated pentacene at 380 K, parametric in pulse intensity.
7.2.1.3 TPC with optical bias
In order to find out m ore about recom bination in the oligom ers TPC  w as carried 
out w ith  optical bias applied. This technique is in effect a m ethod o f  carrying out 
transient and steady state photoconductivity  sim ultaneously. Perform ing TPC  w ith 
optical b ias enables us to probe the steady state situation, recom bination features in 
optical bias decays yield inform ation about the bias created carriers. Fig. 7.50 shows 
TPC decays for pentacene at room  tem perature w ith  four levels o f  optical bias. It can be 
seen that optical bias results in a recom bination feature entering the experim ental tim e 
w indow , in  th is case the carrier lifetim e (given approxim ately by  the turnover in the 
TPC data) decreases w ith  increasing optical b ias intensity. W hen optical b ias is applied 
it appears to  increase the total num ber o f  recom bination centres, thus decreasing the 
lifetim e o f  the  pulse generated carriers. I f  w e assum e that holes are the predom inant 
charge carriers and recom bination occurs betw een free holes and trapped electrons then 
w e can denote the total density  o f  recom bination centres under bias as n^ + An,, w here 
n* is the therm ally-generated density  and An, is the bias-generated density. In general i f  
n fr »  An, then the hole lifetim e should be b ias independent but should  decrease as 
tem perature increases (m onom olecular regim e), how ever i f  n & «  An,, then the lifetim e
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should decrease w ith increasing photon flux and tem perature although the latter effect is 
likely to be m uch sm aller than the form er (bim olecular regim e). F o r the data in fig. 7.50 
the b ias intensities em ployed have been show n to result in a steady state photocurrent 
that varies sub-linearly  w ith  photon flux (see § 7.1.3), so increasing the photon  flux 
results in  a  decrease in  the carrier lifetim e as can be seen. A lso show n in fig. 7.50 are 
the slopes o f  the pre- and post-recom bination slopes, the  post-recom bination  slope is 
approxim ately constant w ith  intensity. U sing the slopes from  fig. 7.50 the values 
obtained for the dispersion param eter are 0.46 for a ,  and 1.03 for a 2. This is in 
agreem ent w ith  values from  TO F decays (Schonherr, B assler and Silver, 1981) in w hich 
the values o f  the dispersion param eter before and after extraction are not equal, and do 
not add to 2, as predicted  by the theory o f  Scher and M ontroll (1975).
Fig. 7.50 TPC decays for pentacene at room temperature with different levels of optical bias.
From  the decays in  fig. 7.50 w e can see that the carriers have no t therm alised p rio r to 
recom bination. U sing the term inology o f  Pandya and S ch iff (1985) this corresponds to 
the B -trapping case (in the A -trapping case the carriers therm alise before  recom bination 
occurs). H ow ever the recom bination tim e is intensity  dependent im plying 
recom bination is bim olecular. For m ultiple trapping in an exponential DOS as treated 
by  the above authors the resulting decay form  should then depend on the ratio C /C R 
w here C t and C R are the trapping and recom bination coefficients respectively. I f  C /C R >
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1 then com plete therm alisation occurs before recom bination, corresponding to the A- 
trapping case, i f  C /C R < 1 then recom bination begins before the carriers have 
therm alised, in this B -trapping case a sign reversal is expected in  the TPC  decay, this 
situation has been observed experim entally  in  a-Si:H  by  W ebb (1994). In the 
transitional case o f  C t =  CR neither therm alisation nor a sign reversal is expected. In the 
present context the w ork o f  Pandya and S ch iff is unlikely to be applicable because it 
em ploys a m ultip le trapping transport m echanism , how ever it does give insight into the 
form  o f  the decays under optical bias and how  to interpret them . To the au thor’s 
know ledge a sim ilar analysis for hopping carriers has no t been  carried out. The decays 
in fig. 7.50 thus correspond to b im olecular recom bination, how ever therm alisation 
obviously has not occurred, there is also no evidence o f  a sign reversal in the decays, 
therefore using the above m odel w e m ust assum e that C t =  CR.
The decays in this case m ay also be interpreted m ore sim ply i f  w e consider w hat 
the pulse-generated  carriers “ see” once they are created. In therm al equilibrium  the 
density  o f  recom bination centres is low  thus pulse generated carriers encounter very few 
recom bination centres, increasing the tem perature w ill increase n^ but in the 
experim entally  probed  range n^ does not becom e large enough to shift recom bination 
features into the experim ental tim e w indow . W hen optical bias is applied so that An,.»  
n^ the pulse-generated  carriers “see” a large density  o f  b ias-created  recom bination 
centres (equivalent to raising the tem perature) and thus their lifetim e is reduced. In this 
case it is obvious that increasing the bias flux increases An,, and thus decreases the 
carrier lifetim e.
Fig. 7.51 show s TPC decays for TV C at 340 K  w ith  three different levels o f  
optical bias. For this oligom er the bias intensity  does not have as large an effect on the 
carrier lifetim e. The decays do not follow  a com m on decay once recom bination has 
begun, bu t it is hard to tell from  the data the  exact tim e at w hich  the turnover occurs. 
The functional form  o f  the post-recom bination decay is also unclear. The difference in 
the form  o f  the decays in TVC and pentacene is m ost likely to be due the different 
m easurem ent tem peratures. A s w e saw  in  § 7.1.3 the ratio o f  the photoconductiv ity  to 
dark conductiv ity  w as quite different for each o ligom er at room  tem perature, pentacene 
show ed the h ighest value o f  ~  458 w hereas TV C  show ed a value o f  only 1.4. F or TVC 
the photocurrent should cross the dark current at ~  360 K  at a flux o f  ~  1016 cm '2 s '1. A t 
h igh  tem peratures therefore, the density  o f  therm ally generated recom bination centres 
m ay exceed those created by  illum ination, resulting  in m onom olecular recom bination.
169
In  this situation optical bias should have neglig ible effect on the TPC decay. The data 
in  fig. 7.51 are definitely  changed by the optical bias: recom bination occurs w ith in  the 
experim ental tim e w indow  w hereas TPC decays w ithout optical b ias do not exhibit 
recom bination, even at 380 K.
Fig. 7.51 TPC decays in TVC at 340 K with varying levels of optical bias.
Therefore it m ust be assum ed that the b ias-generated recom bination centres are 
dom inant in  this situation, the absence o f  a significant shift in the recom bination tim e 
m ay be because for TVC at this tem perature the decays represent a transition  situation in 
passing from  bim olecular to m onom olecular recom bination regim es.
Fig. 7.52 show s data for TV D  in w hich the optical b ias in tensity  is adjusted to 
give equal steady state photocurrents at each w avelength. It can be seen that the bias 
w avelength  has a quite significant effect on the recom bination, for low er w avelength  the 
current decreases m uch m ore rapidly  after the recom bination tim e. A s w as shown 
earlier recom bination can already be seen to be affecting the TPC  decay even w ith  no 
bias applied. The photocurrents at fixed flux are different due to changes in the 
absorption coefficient and/or the quantum  efficiency w ith  w avelength. I f  the 
photocurrents are equalised then the carrier density  and thus lifetim e m ust also be equal
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at each w avelength, how ever the absorption profiles m ay be  different for each 
w avelength  w hich m eans that the carrier density  w ill vary w ith  depth  into the sam ple.
Fig. 7.52 TPC decays for TVD at 300 K with different optical bias wavelengths.
The decays in fig. 7.52 can be explained as long as the absorption coefficient for 
blue and red bias light are different, i f  the absorption coefficient is larger for blue light 
the carrier density  near the sam ple surface w ill be h igher than for red  bias. I f  the pulsed 
carriers are also absorbed in  the surface region they w ill therefore see a h igher carrier 
density  i f  b lue bias is em ployed, and w ill thus recom bine m ore rapidly. Exam ination o f  
fig. 7.2 confirm s this reasoning. From  this spectrum  the penetration depths o f  red, blue 
and green light are roughly 0.37 pm , 0.25 p m  and 0.23 p m  respectively.
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7.2.2 Persistent photocurrent measurements
It w as generally found w ith  the oligom ers studied that on rem oval o f  steady state 
illum ination the return to the therm al equilibrium  condition w as very slow. 
C onsequently  experim ents in w hich it w as desired to m easure photocurrents and dark 
currents becam e im practical, as after illum ination it w as often necessary  to w ait for very 
long tim e periods until the initial dark current w as recovered. H ow ever, it w as found 
that the  dark current could be  recovered m ore rap id ly  by  increasing the tem perature (cf. 
dark current reduction by  annealing), and thus th is w as generally  perform ed after the 
sam ple had been  light soaked. This phenom enon o f  very  slow  relaxation after 
illum ination, com m only referred to as persistent photocurrent (PPC), has been  observed 
in o ther organic solids, as previously  discussed in  § 4.2.4. A s in the case o f  sam ple 
annealing and exposure to am bient atm osphere, persistent photocurren t effects w ere 
found to be a com m on characteristic o f  all the oligom ers and therefore tentative 
investigations o f  this im portant phenom enon w ere carried out.
Fig. 7.53 shows the decay from steady state for laser ablated pentacene at 
d ifferent tem peratures, p lo tted  in log-lin form. The sam ple w as illum inated for five 
m inutes w ith green light (X =  525 nm ) before rem oval o f  excitation. It can be seen that 
there is a fast initial decay follow ed by a slow , approxim ately exponential, decay. For 
the three low est tem peratures the decay is exponential up to the longest tim es m easured, 
w ith a slope that appears to be independent o f  tem perature, how ever the decays at higher 
tem peratures are not sim ilar. A t 380 K  there is again an exponential reg ion  bu t at this 
tem perature the slope is steeper and at the longest tim es the current decreases very 
rapidly. A t 400 K  the situation is sim ilar but m ore pronounced, an exponential region 
can only  be fitted over a sm all range in this decay w hich is steeper than the one obtained 
at 380 K. A fter about 2500 s the decay begins to fall o ff  m ore rapidly. N ote  that for the 
360 K  decay a transition  to a m ore rapid decay is no t observed, even at 10000 s 
suggesting that at low  tem peratures the relaxation  tim e to therm al equilibrium  after 
illum ination is very long.
Fig 7.54 shows the data o f  fig. 7.53 plo tted  in  log-log form  for com parison, 
w h ich  show s m ore clearly  the sim ilar form  o f  the decays at short tim es and the 
tem perature-dependent tu rnover at the h ighest tem peratures.
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Fig. 7.53 Relaxation from steady state for laser ablated pentacene.
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Fig. 7.54 PPC decays of fig. 7.52 plotted in log-log format.
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Fig. 7.55 PPC decays for TVC at different temperatures.
Fig. 7.55. show s experim ental data for TVC, the general from o f  the decays is sim ilar 
although the relaxation rate at a certain tem perature is faster for th is sam ple than for 
pentacene. The decays o f  figs. 7.53 7.54 and 7.55 dem onstrate that increasing the 
tem perature increases the relaxation rate. This explains w hy annealing the sam ples after 
exposure to light resulted in a faster return  to therm al equilibrium .
The effect o f  varying the steady state illum ination intensity  on the form  o f  the 
PPC decays is presented in fig.7.56, increasing the intensity  tends to increase the decay 
rate at short tim es and the decays for the three h ighest photon fluxes can be seen to 
m erge at longer tim es. A t the h ighest illum ination in tensity  the decay can be fit 
reasonably accurately by a pow er law  o f  slope ~  0.5. A lso investigated  w as the effect o f  
increasing the length o f  steady state illum ination on the PPC decays, bu t no significant 
difference w as observed w ith  the exposure tim e varied betw een 1-10 m inutes.
The extrem ely long relaxation tim e exhibited by  the oligom ers can be attributed 
to either very  slow  recom bination, w hich m ay be caused b y  a barrier to the 
recom bination event or due to charge being stored, for exam ple in  deep traps. W hat is 
clear is that there m ust be a very  w ide range o f  individual carrier lifetim es to produce 
such extended decays.
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Fig. 7.56 PPC decays for laser ablated pentacene with different steady state illumination intensities.
From  fig. 7.56 it is clear that h igher steady state illum ination levels result in a 
faster initial decay, i.e. h igher recom bination rate, due to the h igher carrier density. It 
can be seen that due to this the top three decays tend to m erge into a com m on decay at 
long tim es. It is possible that given enough tim e even the low  intensity  decays will 
eventually  collapse on to this com m on decay. The decays at different tem peratures in 
fig. 7.54 are parallel over m ost o f  the experim ental tim e range, suggesting that h igher 
tem peratures do not affect the recom bination rate until the long tim e, tem perature 
dependent, turnover. The m agnitude o f  the persisten t photocurrent is tem perature 
dependent how ever. This change in m agnitude w ith  tem perature m ay be due to a 
tem perature dependence o f  the m obility  or the carrier density, bu t the fact that in fig.
7.54 the PPC  decays are parallel w hereas in  fig. 7.56 the slope is dependent on intensity, 
and therefore carrier density, suggests that the tem perature dependence o f  the persistent 
photocurrent is m ainly  due to the m obility.
The present experim ental results do not appear to fit w ell w ith  the persistent 
photocurrent m odels described in § 4.2.4. The m odel o f  A kashi et al. (1994) is 
obviously  no t valid  in this case because w e are dealing w ith  undoped m aterials. 
H ow ever, as no ted in § 7.1.4 the film s m ay be unintentionally  doped w ith  0 2, although 
the extent o f  this doping is unclear. T ransfer o f  an electron from  the oligom er to 0 2
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m ay resu lt in the generation o f  a m obile hole and a trapped electron, how ever it is 
unclear w hy the ultim ate recom bination o f  the electron and hole is inhibited. It is 
un likely  that a sim ilar m echanism  to that described by  the above authors is possible. In 
fact reduction o f  oxygen to form  0 2‘ causes the 0 - 0  bond length to increase, w hich 
m ight be expected to increase the overlap betw een the electron and hole, and facilitate 
recom bination. This is ju s t the opposite situation to that w hich occurs in  the m odel o f  
A kashi et a l ,  in  w hich  the charge redistributes on the C60 dopant and reduces electron- 
hole overlap.
The m odel o f  Lee et al. predicts a stretched exponential form  for the persistent 
photocurrent decay (Lee, Y u and Heeger, 1993). The PPC  decay observed in the 
oligom ers studied do not appear to be o f  this form  as can be seen in  figs. 7.53-7.56. In 
TV C a peak  is observed at the absorption edge w hich w ould fit in w ith  the idea o f  
increased surface recom bination according to D eV ore’s theory. Lee et a l  use this as a 
key piece o f  evidence to support their m odel o f  slow  bipolaron d iffusion to the surface, 
and subsequent recom bination. H ow ever, for the oligom ers studied here the validity o f  
D eV ore’s theory  is uncertain, as it assum es a conventional sem iconductor band to band 
transition  w hich is unlikely for m aterials such as this. Furtherm ore the presence o f  a 
peak  at the absorption edge is not necessary for the  p roduction  o f  a persistent 
photocurrent in these m aterials. This can be appreciated by  com paring the PPC  decays 
o f  TV C  and pentacene w hich are functionally sim ilar, then com paring the action and 
absorption spectra o f  both oligom ers w hich differ considerably. Thus it w ould appear 
that the above m odels are too m aterial specific to explain the persisten t photocurrent 
effects observed in these oligom ers.
A s m entioned above deep trapping o f  holes could account for the extrem ely slow 
recom bination, in a qualitative m anner at least. Therm al em ission from  a discrete 
trapping level w ould  account for the tem perature activated, long tim e recom bination 
feature. The slow , alm ost pow er law decay observed over m ost o f  the  experim ental 
tim escale is functionally  unaffected by  tem perature and could possib ly  be  due to 
tunneling o f  trapped holes to recom bination centres.
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7.3 Interpretation of results - a synthesis
In this final section an attem pt is m ade to pull together the  steady state and 
transient results presented in the previous sections and thereby to obtain an overall 
p icture o f  the transport m echanism  and density  o f  states o f  the oligom ers studied. There 
are three transport m echanism s w hich have been considered in this w ork  and w e shall 
take each in  turn and discuss the validity  o f  the m odel for the oligom ers. W e shall start 
by  discussing the m ultip le trapping m odel, then  m ove on to look at hopping and trap- 
controlled hopping.
It is useful to begin  by  noting that the m ajority  o f  the results in itially  appear to 
be consistent w ith a m ultip le trapping transport m echanism . H ow ever, as has been 
m entioned several tim es, the m ultiple trapping m odel is usually  no t considered 
applicable to m olecular m aterials. T ransport m odels for organic, m olecu lar solids have 
been discussed in § 4.4 and are invariably based around hopping as the basic transport 
m echanism . There are several results w hich support this and do no t fit w ith  m ultiple 
trapping. A m ong the m ost im portant o f  these are the m agnitudes obtained for the 
m obilities and the conductivity  pre-exponential factors. These are several orders o f  
m agnitude sm aller than values typically observed in m ultiple trapping  system s. The 
m agnitude o f  the dark  current activation energy is also too sm all for m ultip le trapping. 
A  further experim ental observation w hich does no t agree w ith  the m ultip le trapping 
m odel is the apparent field dependence o f  the photocurrent and the dark current. The 
activation energy o f  the  dark current, and the  m agnitude o f  the  photoconductiv ity  index 
y w ere found to display  field dependent behaviour.
The above m entioned experim ental results are strong evidence against a m ultiple 
trapping transport m echanism , how ever these type o f  results are  expected for hopping 
carrier m otion. U nfortunately  on closer exam ination o f  the experim ental results w e 
m ust conclude that hopping transport, as described by the D LH  m odel, is also unable to 
fully account for the experim ental results. The D LH  theory for hopping in  a gaussian 
density  o f  states pred icts that hopping carriers therm alise at long tim es, w ith  transport 
then proceeding by  trap-controlled hopping at the transport energy. This w ould  result in 
TPC  decays w hich becom e tim e invariant after a specified tim e interval. This is not 
observed experim entally. In addition, even i f  the m ain  transport band  is a localised 
gaussian DOS the m aterials studied here are certain  to have trapping  levels outw ith this 
band. These trapping states could be caused by  interaction betw een oligom ers or be due 
to crystalline grain boundaries. The existence o f  traps below  the m ain  transport band
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w ould lead to trap-controlled hopping, purely  hopping transport w ould  only  be  expected 
at very low  tem peratures.
It has been suggested at several points in this w ork  that trap-contro lled  hopping 
m ay be an appropriate transport m echanism . T rap-controlled hopping  is in effect a 
hybrid  o f  pure hopping and m ultiple trapping and w ould  thus be expected to exhibit 
som e characteristics o f  both. There are several results w hich suggest that trap- 
controlled hopping m ay be occurring. For exam ple, in § 7.1.2 it is suggested  that band 
tail hopping is responsible for the dark current activation energy, as th is is too sm all to 
represent the depth o f  the intrinsic Ferm i level. This conjecture is backed  up by the 
apparent field  dependence o f  the A rrhenius plots w hich  w ould no t be expected for 
m ultiple trapping w ith  a delocalised valence band. F urther evidence in  favour o f  trap- 
controlled hopping com es from  the TPC decays and the density o f  states obtained from 
the FT  technique. Extrapolating back in tim e from  the TPC decays y ields a value for 
the attem pt to escape frequency that is too sm all for m ultiple trapping, bu t reasonable 
for trap-controlled hopping. It is also found that using this value o f  the attem pt to 
escape frequency to fit the DOS plots at different tem peratures results in overlapping 
data and thus a good agreem ent. Thus it w ould appear that a trap-controlled  hopping 
m echanism  is the only case w hich can adequately explain the experim ental results in the 
tem perature range studied.
The form  o f  the density  o f  states w ill, in  general, determ ine the transport 
m echanism  that occurs at a specified tem perature. The m ajority  o f  inform ation 
concerning the form  o f  the density  o f  states in  the oligom ers com es from  the transient 
results, how ever the steady state results suggest that there is a continuous distribution o f  
trapping states in the band gap. The photocurrent vs. in tensity  graphs y ield  values for y 
w hich are in general betw een 0.5 and 1.0, w hich is strong evidence for a continuous trap 
distribution, at least over the energy range by w hich the quasi Ferm i level is shifted by 
illum ination (see Rose, 1978).
In  § 7.2.1 the form  o f  the density o f  states for the oligom ers w as inferred by 
w orking back  from  the TPC decays using qualitative and quantitative m ethods. It w as 
decided that the TPC  decays could only result from  trap-controlled hopping  m otion in a 
DOS consisting o f  a flat region at h igh  energies and an exponential at deeper energies. 
H ow ever, M onte Carlo sim ulations o f  hopping in a D O S such as th is w ere no t carried 
out. O n the o ther hand, it has been dem onstrated that m ultiple trapping  in  such a DOS 
does no t account for all the features o f  the TPC decays. A pplying the FT  m ethod to the 
TPC  decays resulted  in a density  o f  states w hich w as roughly consisten t w ith  that
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predicted  qualitatively, how ever in  the flat region o f  the  D O S, w here carriers w ould 
therm alise by  hopping down, the rate at w hich the dem arcation energy sinks is not given 
by  k BT ln (u t) as in m ultiple trapping. It has been show n by  M onroe (1985) that for an 
exponential D O S the rate at w hich the dem arcation energy sinks in the hopping down 
regim e is tem perature independent but is dependent on the form  o f  the D O S. Thus in 
this case the rate  decreases as the dem arcation energy sinks deeper into the DOS. In a 
flat D O S, how ever, the rate is likely to depend only on the m agnitude o f  the density o f  
states. Therefore the energy scale o f  the DOS obtained from  the TPC  decays cannot be 
relied upon.
S im ulated TPC decays for hopping in  a gaussian density  o f  states, as assum ed in 
the D LH  theory, yield D O S distributions w hich look quite  sim ilar to those obtained 
from  experim ent. H ow ever, in this case an exponential form  at deep energies is not 
observed. Furtherm ore the experim ental TPC decays do not show  features consistent 
w ith  carrier therm alisation w ith in  the experim ental tim e w indow  at any tem perature, 
w hich is very solid evidence against the idea o f  a single, gaussian D O S o f  localised 
states. S ilver et al. (1981) have perform ed M C  sim ulations o f  hopping in  a gaussian 
DOS w ith  a single trapping level below  the m ain  transport band. The resulting 
transients are in no w ay sim ilar to those obtained on the oligom ers in th is w ork, w hich 
supports the idea o f  a continuous trap distribution.
The sim ilarities betw een the TPC decays for all m aterials studied im plies that 
the density  o f  states distribution in all the oligom ers is o f  a sim ilar form . I f  this is the 
case it explains the largely sim ilar experim ental results obtained on all the m aterials. 
N ote, how ever, that it was pointed out in § 7.2.1.3 that the m agnitude o f  the density o f  
states at the transport level does apparently vary from  oligom er to oligom er, as deduced 
from  the variations in the pre-exponential factors, cj0. The reason that the DOS is 
sim ilar for all the oligom ers m ay be a result o f  the sim ilar size and shape o f  the 
m olecules resulting  in a sim ilar thin film  structure. I f  each m olecule can be considered 
as a potential state for a charge carrier then it is no t unreasonable that such sim ilarly 
structured m aterials w ill exhibit a sim ilar density  o f  states distribution. H ow ever, it is 
still possib le that the specific chem ical structure o f  the transport m olecule w ill affect the 
m agnitude o f  transport relevant param eters. Thus carrier generation, and therefore the 
free carrier density, is likely to be determ ined b y  the type o f  chem ical groups attached to 
the oligom er backbone (cf. the increase in the dark current in  TV D  due to m ethyl group 
electron injection).
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8. Summary and conclusions
The prim ary aim  o f  this thesis w as to form  an general p icture o f  the electronic 
properties o f  several o ligom er thin film s, and specifically  to elucidate the charge 
transport m echanism . Furtherm ore it w as endeavoured to  determ ine how  the chem ical 
structure o f  the oligom ers affects the electronic properties, such as the density  o f  states 
and param eters relevant to charge transport. It w as hoped that such inform ation w ould 
m ake possible an assessm ent o f  such m aterials for device applications.
Possib ly  the unifying them e am ongst the m aterials studied here is the alm ost 
identical behaviour observed in all experim ents perform ed. This im m ediately suggest 
that all the oligom ers have a sim ilar density  o f  states, and thus transport m echanism . 
H ow ever, there w ere som e notable differences betw een the m aterials. The m ost obvious 
am ongst these w as perhaps the fact that all four oligom ers w ere different colours, w hich 
is reflected  in the absorption and photocurrent action spectra w hich vary  considerably 
from  oligom er to oligom er. The reason for this is that bo th  these m easurem ents 
h ighlight properties o f  the individual oligom er m olecule and not the solid  as a whole. 
The fact that the electronic properties o f  the m aterials varied little is m ore likely a 
reflection o f  the sim ilar structure  o f  the thin film s for all oligom ers. The only situation 
in w hich a direct com parison w as valid w as betw een TV D  and TV C. H ere it was found 
that the addition o f  the four m ethyl groups on TV D  resulted in a large increase in  the 
dark current, but a less significant increase in the photocurrent, resulting in a 
photocurrent sm aller than the dark current at room  tem perature. This w as attributed to 
electron injection from  the m ethyl groups facilitating carrier generation.
The experim ental results have been  interpreted using current transport m odels, in 
particu lar the m ultip le trapping and disorder-lim ited hopping m odels. It is found that 
neither o f  these m odels fully explains the experim ental data. The m ultip le trapping 
m odel is found to explain superficially m ost o f  the transient and steady state data. 
H ow ever m ore detailed investigations show ed that in m ost cases the m agnitudes o f  
im portant transport param eters, such as the  m obility , w ere inconsistent w ith  m ultiple 
trapping. These findings lead to the conclusion that transport, in  the tem perature range 
studied, m ust be occurring by trap-controlled hopping. This naturally  accounts for the 
observation o f  characteristics consistent w ith both  hopping and m ultip le trapping.
A  large part o f  the thesis has been devoted to extracting the density  o f  states 
from  the TPC  decays. It w as found that the D O S im plied  qualitatively from  the form  o f
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the TPC  decays agreed satisfactorily w ith  those obtained by processing  the experim ental 
data using the F ourier transform  m ethod. H ow ever the valid ity  o f  the  resulting  DOS is 
still unresolved. The FT m ethod is valid  for a m ultip le trapping transport m echanism  
and it has been suggested in § 7.2.1.1 that it m ay  also be valid  for trap-controlled 
hopping. I f  transport proceeds by  trap-controlled hopping though, it is un likely  that the 
energy scale can be defined using eq. 4.36, unless the attem pt to escape frequency is 
m odified. C ertain ly  in the hopping dow n regim e predicted  in the  flat reg ion  o f  the DOS 
this equation is no t valid. It has further been show n that the FT  m ethod does not 
provide a D O S spectroscopy in a purely  hopping situation such as that described by  the 
D LH  theory. Thus in oligom eric m aterials such as those studied here the FT  m ethod, in 
its p resent form , is at best a qualitative tool for obtaining inform ation on  the form  o f  the 
DOS. It cannot be relied upon to give an accurate density  o f  states m agnitude at a 
specific energy.
O ther experim ental m easurem ents w hich seem  to be a characteristic o f  these 
m aterials are the effect o f  am bient atm osphere on the conductiv ity  and the persistent 
photocurrent effect. It has already been show n that poly(thiophene) is doped by oxygen, 
leading to carrier generation (Abdou, 1997). In the oligom ers studied here a sim ilar 
process is likely, although the results suggest that it is only im portant in sandw ich 
sam ples, w here oxygen absorbed at the electrode-oligom er in terface leads to carrier 
injection into the oligom er.
The persistent photocurrent observed in these m aterials does no t appear to fit to 
either o f  the m odels described in § 4.2 .4  for polym eric sam ples. It is possible that an 
entirely  different m echanism  is occurring in oligom eric m aterials. In  the  present context 
these effects can only be considered as detrim ental to the applications potential o f  the 
studied oligom ers.
Pentacene th in  film s deposited using the m ethods o f  therm al evaporation (TE) 
and pulsed laser ablation (PLD) w ere b riefly  com pared during the course o f  the work. 
U nfortunately  the present author found very  little difference in  the  electronic properties 
betw een sam ples deposited using each technique. It is a possib ility  that the higher 
m obilities reported  in the laser ablated th in  film s (as com pared to sim ilar therm ally 
evaporated film s) are due to the m easurem ent being perform ed in the m ore ordered 
surface layer observed in the laser ablated thin film s, w hereas the present m easurem ents 
reflect the bu lk  oligom er w hich is sim ilar in both  PLD  and TE  film s (see Salih et al.,
1997).
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Tw o notable failures w ithin this w ork w ere the unsuccessful attem pts at the tim e 
o f  flight and steady state photocarrier grating techniques. In  both  cases the lack o f  
success w as attributed to experim ental difficulties.
L ooking at the experim ental results in general, it becom es apparent that the 
oligom ers investigated here are not well suited for the m ajority  o f  current device 
applications for organics. The m ajor reason for this is that the carrier m obility  is very 
low  (~ 10'7 cm 2 V '1 s’1) m aking them  unsuitable for use in, for exam ple, field-effect 
transistors. A  further draw back is the poor photoresponse exhibited by  all the m aterials. 
In pentacene and TVB at room  tem perature the photocurrent is only  betw een a factor o f  
ten to one hundred higher than the dark current, in  TV C  they are approxim ately  equal, 
w hereas in  TV D  the photocurrent is less than the dark current. This m akes these 
m aterials unsuitable for applications in w hich a h igh photocurrent/dark  current ratio is 
im portant. A  further problem  w ith  the oligom ers w hich is detrim ental for device 
applications is the instability  o f  the dark and photocurrents, and the poor reproducibility  
o f  results w hich w ere found to be a com m on problem  throughout the course o f  the work. 
This problem  is intim ately linked w ith  the atm ospheric and persisten t photocurrent 
effects m entioned above.
8.1 Directions for future work
There are several aspects o f  the present w ork w hich m erit further investigation. 
F irstly, it is clear that the results obtained in this study are not sufficient to determ ine 
the exact nature o f  the charge transport m echanism  in  these m aterials. C onsiderably 
m ore data on basic  m aterial properties is necessary before this could be  attem pted.
The tw o experim ents w hich w ere unsuccessful, i.e. TO F and SSPG  bo th  deserve 
m ore study as it w as decided that only experim ental difficulties w ere responsible for the 
null result obtained from  both. The TO F technique m ay  be realisable i f  the  oligom ers 
w ere d ispersed in an inert binder, as in m olecularly  doped polym ers (G oldie et a l ., 
1993) I f  the experim ent w as successful in this case it w ould  allow  us to determ ine 
w hether the behaviour o f  the m obility in these oligom ers agree w ith  the predictions o f  
the  d isorder lim ited hopping m odel in a m ore direct m anner. It w ould  further be 
insightful to perform  TPC on such m aterials, and process the resulting  decays w ith  the 
FT  technique. The SSPG  experim ent certainly m erits continued investigation, sim ply
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because a m ethod for determ ining the diffusion length  o f  photocarriers in  organic 
m aterials w ould  be extrem ely useful for assessing m aterial quality. It is possib le that 
perform ing this experim ent on pentacene using b lue ligh t instead o f  red  w ould  result in 
a  better photoresponse, and using a low er field m ay also result in  a  grating o f  larger 
am plitude w hich  m ight prove easier to detect.
F urther studies o f  the persistent photocurrents and the effects o f  am bient 
atm osphere w ould  be advantageous. A  know ledge o f  how  and w hy  these processes 
occur w ould  allow  us to assess their im portance. In  particular a c lear understanding o f  
how  oxygen interacts w ith  the oligom ers is necessary  as th is w ould  allow  us to 
determ ine w hether charge transfer from  the oligom ers to oxygen is im portant for carrier 
generation.
C ontinued assessm ent and developm ent o f  the m atrix sim ulation technique is 
necessary. It has been show n to yield qualitatively correct results for hopping in a 
gaussian density  o f  states, but does not agree quantitatively w ith  sim ilar M onte Carlo 
program s. It should also be applied to different D O S distributions, e.g. exponential tail 
w ith  m ultip le  trapping and hopping. It w ould also be advantageous i f  the effect o f  a 
bias field could  be included. This is im portant for hopping carriers, although it is 
usually  no t considered in m ultiple trapping m odels.
T herm ally  evaporated and laser ablated th in  film s o f  pentacene have been 
studied in  this w ork, how ever no direct com parisons betw een their electronic properties 
have been  carried out. From  the results presented in the text how ever there appears to 
be little difference in the film s deposited by each technique, in  contrast to results 
presented by  other workers. The im proved surface sm oothness, and resulting  higher 
m obilities, o f  laser ablated film s have been dem onstrated; how ever it is possib le that 
this is indeed ju s t a surface effect (Salih et a l., 1997). D etailed  investigations o f  
m obilities in  the surface layer and in  the bulk  o f  laser ablated pentacene film s are 
needed to resolve this problem .
Finally , it w as stated in the introduction that w e w ished to determ ine w hat effect 
adding different substituents to the oligom er chain  had  on the electronic properties. 
U nfortunately, the set o f  oligom ers studied show ed little difference in  their electronic 
properties, and additional m aterials w ere not available. A  com prehensive study o f  the 
effect o f  a  larger range o f  substituents, including h ighly  po lar groups, w ould be 
insightful; as w ould  a study o f  the effect o f  varying the chain length.
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Appendices
(A) Matrix multiple trapping/hopping simulation program
This is the code for the program  hop6gb.for described in § 5.2.
SNOFLOATCALLS
$STORAGE:2
C TRANSIENT PC SIMULATION INC. HOPPING 
C MATRIX METHOD
PARAMETER (INL=101,JNL=200)
DOUBLE PRECISION A(INL,INL),B(INL,INL),C(INL,INL),N1(INL)
1, T,AH,SA(INL),DT,DE,ED,CN,S,E1,S2,KT,E1R,EX(JNL),CH,BH
2, FL(JNL),MU(INL),NC,TC,ALPHA,Nt(inl)
3, TTC,TCT,NUO,RO,NO,En(inl),Eb,Ew,Gb,ei 
REAL X(2000),Y(2000)
INTEGER TS,NL,NM,NN,M 1 ,M2,STNO( 10)
INTEGER IDNO(20)
CHARACTER*3 OPT,OPT2,optip,EOPT
COMMON X,Y,IDNO
1040 DO 667 1=1,20 
IDNO(I)=0 
667 CONTINUE 
1050 SIGMA=0.0D0
* GEc density of states at Ec /cc/eV
GEc = 4.0d21
* NC=1.0D20 
NO=1.0D15
* ALPHA=1.0D7
* NUO=1.0D12
WRITE(*,*)' The simulation defaults to a density'
WRITE(*,*)'of states at the mobility edge of GEc=4.D21/cc/eV' 
WRITE(V)' '
WRITE(*,*)Tnput NL, the number of levels the DOS is divided into' 
write(*,*)' NL to be ODD, if Gaussian option'
READ(*,*)NL
1020 WRITE(*,*)'Input TS, the number of timesteps to take'
WRITE(*,*)''
WRITE(*,*)'Please note that if you choose the trapped carrier' 
WRITE(*,*)'distribution option,the distribution will be stored' 
WRITE(*,*)'at 10 equally spaced time intervals - so in this case,' 
WRITE(*,*)'ensure that TS is a multiple of 10 (& >=20)' 
WRITE(*,*)'OK input TS now '
READ(*,*)TS 
WRITE(*,*)' '
WRITE(*,*)' input att-to-esc freqNuo- e.g. 1.0D12 Hz'
read(*,*)Nuo
write(*,*)''
WRITE(*,*)'Input DT, the length of the initial step'
WRITE(*,*)' in seconds - e.g. l.d-14 '
READ(*,*)DT
* EXP TAIL SECTION
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* skips exp tail for now 
go to 987
WRITE(*,*)'Input ED, the total depth of the distribution (eV)' 
READ(*,*)ED
WRITE(*,*)'Input El, the characteristic energy of 
WRITE(*,*)' the distribution(eV)'
READ(*,*)E1 
987 continue
* just to keep it going 
El=0.05
* I'll fix this later - honest
Gaussian option
write(*,*)'input Eb, the energy of the peak (eV)' 
write(*,*)'relative to the band edge' 
read(*,*)Eb
write(*,*)'input Ew, the characteristic width eV' 
read(*,*)Ew
write(*,*)'input Ed, the overall width to be included (eV)' 
read(*,*)Ed
write(*,*)'input Gb, the peak density, /cc/eV' 
read(*,*)Gb
666 WRITE(*,*)'Input T, the temperature'
READ(*,*)T
WRITE(*,*)'Input alpha the overlap factor (1/cm)' 
READ(*,*)alpha
WRITE(*,*)'Multiple trapping (Y/N default=Y)'
READ(*,212)OPT
IF (OPT.EQ.'n') OPTIN'
IF (OPT.NE.'N') OPT-Y'
212 FORMAT(A)
WRITE(*, *)'Hopping (Y/N default=Y)'
READ(*,212)OPT2 
IF (OPT2.EQ.'n') OPT2='N'
IF (OPT2.NE.'N') OPT2-Y'
WRITE(*,*)' Do you wish to plot'
WRITE(*,*)' A) Effective mobilities vs time' 
WRITE(*,*)' OR’
WRITE(*,*)' B) Energy distributions of trapped electrons'
WRITE(*,*)' '
WRITE(*,*)' Key in your choice- <A> or <B>, please'
READ(*,212)EOPT
IF(EOPT.EQ.'a') EOPT='A'
IF(EOPT.EQ.'b') EOPT-B'
IF(EOPT.EQ.'B')THEN
IF(FLOAT(TS)/10.0.NE.FLOAT(TS/10)) GOTO 1020 
DO 1010 JSTP=1,10
STNO(JSTP)=JSTP*TS/l 0 
1010 CONTINUE 
JSTP=1 
ENDIF
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* some constants can now be set 
NM=NL+1
NN=2*NL
TC=El/8.625D-5
dEGEc = dE*GEc
KT=8.625D-5*T
Nc=kT*GEc
Cn=Nuo/Nc
* or Cn=1.0d-8 ?
C FLOAT FUNCTION ARRAY FOR I 
DO 65 1=1,INL 
65 FL(I)=FLO AT(I)
* EXP TAIL SECTION - skip 
Go to 72
C DENSITIES - exp tail 
dE =Ed/NL 
elr=el
S=0.0
DO 70 1=1,NL
Nt(I)=dEGEc*EXP(-FL(I)*DE/ElR)
S=S+Nt(I)
En(i)=dE*FL(i)
N 1 (I)=Nc*EXP(-En(i)/kT)
70 CONTINUE
72 continue
* Gaussian option densities
* DE - width of each level 
dE=ED/NL
* check - or is it nl-1 ?
GbdE=Gb*dE
S=0.0
do 71 i=l,nl
ei=(de*(i-(nl+l)/2))
Nt(i)=GbdE*exp(-((ei/ew)**2))
En(i)=eb+ei
n 1 (i)=Nc*exp(-En(i)/kT) 
s=s+Nt(i)
71 continue
Nt(I) - density of i'th states /cc =dE*g(i) 
S - sum density of loc states
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* 
o CAPTURE COEFFICIENTS 
CN=1.0D0/S 
* Cn=Nuo/Nc
C CALCULATE BH FROM INPUT PARAMETERS 
TCT=TC/T 
TTC=T/TC
write(*,*)' total loc state density(/cc) = ',S 
RO=S**(-1.0D0/3.0D0)
write(*,*)' av. site separation RO = ',RO
WRITE(*,*)'2*alpha*RO = ',2.0*alpha*ro
* this condition - no hopping 
BH=1.0d0
IF (OPT2.EQ.'N') BH=O.ODO
* ??? CHECK ??
* CH=BH*CN
* should be ?
* CH=BH/s
* *** assume nearest neighbor hops for now ***
* *** assume cubic lattice - 6 neighbors at distance ro
CH=BH*6.d0*(Nuo/s)*exp(-2.0d0*alpha*ro)
* this condition - no MultiTrapping 
IF (OPT.EQ.'N') CN=0.0D0
* hopping conduction prefactor PREF 
PREF=(1.6D-19*RO*RO)/(6,ODO*KT)
WRITE(*,*)'hopping prefactor = ',PREF 
DO 300 1=1,NL 
EX(I)=1.0D0 
300 CONTINUE 
DO 310 I=NM,NN
EX(I)=EXP(dE*FLOAT(NL-I)/kT) 
310 CONTINUE 
DO 75 1=1,N M  
DO 75 J=1,NM 
A(I,J)=0.0 
C(I,J)=0.0 
C(I,J)=0.0 
75 CONTINUE
if (Cn*S*dT.gt.0.1 ld0)then
write(*,*)'time step dT is too long' 
write(*,*)'It has been reduced to ensure stability'
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d T =  0 . 1 d 0 / ( C n * S )  
w r i t e ( * , * ) ' n e w  d T  =  ' , d T  
e n d  i f
w r i t e ( * , * ) ' r e a d  i n  a  n u m b e r  ( j u s t  t o  p a u s e ) ' 
r e a d ( * , * ) d u m m y
C  T R A N S I T I O N  M A T R I X  A ( I , J )  
A ( l , l ) = 1 . 0 D 0 - C n * S * d T  
w r i t e ( * , * ) ' A ( l , l ) =  ' , A ( 1 , 1 )
D O  1 1 0  1 = 2 , N M
A ( l , I ) = n l ( I - l ) * C n * D T  
A ( I , 1 ) = N t ( I - 1 )  * C n * D T  
A ( I , I ) = 1 . 0 D 0 - A (  1 ,1 )
1 1 0  C O N T I N U E
C  a d d  i n  H O P  T E R M S  t o  t r a n s i t i o n  m a t r i x  
D O  3 3 0  1 = 2 , N M  
S 2 = 0 . 0
D O  3 4 0  J = 2 , N M  
M 2 = I - J + N L  
M 1 = J - I + N L
A ( I , J ) = A ( I , J ) + C h * N t ( I - 1 ) * E X ( M 1 ) * D T  
A H = C h * N t ( J - 1 ) * E X ( M 2 ) * D T  
S 2 = S 2 + A H  
3 4 0  C O N T I N U E  
S A ( I ) = S 2
C  M U ( ) = P R O B A B I L I T Y  O F  H O P P I N G  F R O M  L E V E L  I  
M U ( I ) = S A ( I ) / D T  
A ( I , I ) = A ( I , I ) - S 2  
3 3 0  C O N T I N U E
C  D U M M Y  M A T R I X  B ( I , J )
D O  1 2 0  1 = 1 , N M  
D O  1 2 0  J = 1 , N M  
1 2 0  B ( I , J ) = A ( I , J )
C  S T O R E  V A L U E S  I N  Y ( )
C  M A T R I X  M U L T I P L I C A T I O N  
D O  1 4 0  L = 2 , T S
D O  1 5 5  1 = 1 , N M  
D O  1 5 5  J = 1 , N M  
D O  1 5 5  K = 1 , N M  
C ( I , J ) = C ( I , J ) + B ( I , K ) * B ( K , J )  
1 5 5  C O N T I N U E
*  * * * * *  E N E R G Y  D I S T R I B U T I O N  O P T I O N  * * * * *
I F ( E O P T . E Q . ' B ' ) T H E N
I F ( L . E Q . S T N O ( J S T P ) ) T H E N  
W R I T E ( * , * ) '  '
W R I T E ( * , * ) L , D T * 2 . 0 D 0 * *  *( L - 1 )
D O  1 0 0 0  1 = 1 , N L
1 8 8
D F ( O P T . E Q . ' N ' ) T H E N
c  a s s u m e s  a l l  c a r r i e r s  s t a r t  a t  h i g h e s t  l o c a l i s e d  s t a t e  
X ( I + (  J S T P - 1 ) * N L ) = C ( I + 1 , 2 )
E L S E
c  a s s u m e s  a l l  c a r r i e r s  s t a r t  f r e e  
X ( I + (  J S T P - 1 )  * N L ) = C ( I + 1 , 1 )
E N D I F
Y ( I + ( J S T P - 1 ) * N L ) = - S N G L ( E n ( i ) )
1 0 0 0  C O N T I N U E  
I D N O ( J S T P ) = N L  
J S T P = J S T P + 1  
E N D I F  
E L S E
*  * * * * * * * *  E N D  O F  E N E R G Y  D I S T R I B U T I O N  O P T I O N  * * * * * * * * * *
C  S T O R E  V A L U E S  I N  Y ( )
D O  3 7 0  1 = 1 , N L
C  C ( ) * M U ( ) = R E L A T I V E  R A T E  O F  H O P P I N G  A W A Y  
I F  ( O P T . E Q . ' N ' )  T H E N
S I G M A = S I G M A + ( C ( I + 1 , 2 ) * M U ( I + 1 ) )
E L S E
S I G M A = S I G M A + ( C ( I + 1 , 1  ) * M U ( I + 1 ) )
E N D I F
3 7 0  C O N T I N U E
Y ( L - l ) = P R E F * S I G M A * N O / ( N O * 1 . 6 D - 1 9 )
X ( L - 1 ) = D T * 2 . 0 D 0 * * ( L - 1 )
X ( L - 2 + T S ) = D T * 2 . 0 D 0 * * ( L - 1 )
I F  ( O P T . E Q . ' N 1) T H E N
Y ( T S - 2 + L ) =  1 0 . D 0 *  1 . 6 D - 1 9 * C (  1 , 2 ) * N O / ( N O *  1 . 6 D - 1 9 )  
E L S E
Y ( T S - 2 + L ) =  1 0 . 0 D 0 *  1 . 6 D - 1 9 * C (  1 , 1  ) * N O / ( N O *  1 . 6 D - 1 9 )  
E N D I F
W R I T E ( * , * ) X ( L - 1 ) , Y ( L - 1 ) , ' Y ( T S - 2 + L )
S I G M A = 0 . 0 D 0  
3 6 0  C O N T I N U E  
I D N O ( l ) = T S - l  
I D N O ( 2 ) = T S - l
E N D I F
C  U P D A T E  B  Z E R O  C  
D O  1 7 0 1 = 1 ,  N M  
D O  1 7 0  J = 1 , N M  
B ( I , J ) = C ( I , J )
1 7 0  C ( I , J ) = 0 . 0  
1 4 0  C O N T I N U E
W R I T E  ( * , * )  D o  y o u  w i s h  t o  w r i t e  a  d a t a  f i l e ? '  
W R I T E  ( * , * )  ' I n p u t  < Y / N > '
R E A D  ( * , 6 8 7 )  G F  
6 8 7  F O R M A T  ( A )
I F  ( G F . E Q . ' Y ' . O R . G F . E Q . ' y ' )  T H E N  
C A L L  S A V D A T ( X , Y , I D N O )
E N D  I F
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c  W R I T E ( * , * ) ' C r e a t e  d a t a  f i l e  ? i n p u t  < Y / N > '  
c  R E A D ( * , 2 1 3 ) D F  
c  I F ( D F . E Q . ' y ' )  D F - Y '
c  I F ( D F . E Q . ' Y ' )  T H E N
c  C A L L  g r a p h ( x , y , i d n o )
c  E N D I F
D O  1 0 7 0  1 = 1 , 2 0  
I D N O ( I ) = 0  
1 0 7 0  C O N T I N U E
W R I T E ( * , * ) ' R e - r u n  p r o g r a m m e '
W R I T E ( * , * ) '  w i t h  s a m e  b a s i c  p a r a m e t e r s  -  i n p u t  < A > '  
W R I T E ( * , * ) '  w i t h  n e w  s e t  o f  p a r a m e t e r s  -  i n p u t  < B > '  
W R I T E ( * , * ) '  E X I T  p r o g r a m m e  -  i n p u t  < E > '  
R E A D ( * , 2 1 3 ) o p t i p  
2 1 3  F O R M A T ( A )
i f  ( o p t i p . e q . ' a ' )  o p t i p - A '  
i f  ( o p t i p . e q . ' b ' )  o p t i p - B '  
i f  ( o p t i p . e q . ' e ' )  o p t i p - E '
I F  ( o p t i p . e q . ' A ' )  g o t o  6 6 6  
I F  ( o p t i p . e q . ' B ' )  g o t o  1 0 5 0  
I F  ( o p t i p . e q . ' E ' )  g o t o  1 0 6 0
1 0 6 0  S T O P  
E N D
c
c
S U B R O U T I N E  s a v d a t ( X , Y , i n d )  
d i m e n s i o n  x ( * ) , y ( * ) , i n d ( * )  
c h a r a c t e r * 3 0  t i t l e , x a x i s , y a x i s , x o p t * 3 , y o p t * 3  
c h a r a c t e r * 2 0  f n a m e  
2 0  f o r m a t ( a )  
c  c a l l  g m o d e ( 3 )  
w r i t e ( * , * )
w r i t e ( * , * ) ' I n p u t  S a v e  F i l e  N a m e ,  i n c l u d i n g  . d a t  e x t e n s i o n '
w r i t e ( * , * )
r e a d ( * , 2 0 ) f n a m e
w r i t e ( * , * )
w r i t e ( * , * ) ' I n p u t  g r a p h  t i t l e ' 
w r i t e ( * , * )  
r e a d ( * , 2 0 ) t i t l e  
w r i t e ( * , * )
w r i t e ( * , * ) ' I n p u t  x  a x i s  l a b e l '  
w r i t e ( * , * )  
r e a d ( * , 2 0 ) x a x i s  
w r i t e ( * , * )
w r i t e ( * , * ) ' I n p u t  y  a x i s  l a b e l '  
w r i t e ( * , * )  
r e a d ( * , 2 0 ) y a x i s  
w r i t e ( * , * )
w r i t e ( * , * ) ' x  a x i s  l o g / l i n  ( d e f a u l t  l o g ) ? '
w r i t e ( * , * )
r e a d ( * , 2 0 ) x o p t
w r i t e ( * , * )
w r i t e ( * , * ) ' y  a x i s  l o g / l i n  ( d e f a u l t  l o g ) ? '
w r i t e ( * , * )
r e a d ( * , 2 0 ) y o p t
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i f  ( ( x o p t . e q . ' l i n ' ) . o r . ( x o p t . e q . ' L I N ' ) )  t h e n  
x o p t  =  ' L I N '  
e ls e
x o p t  =  ' L O G '  
e n d  i f
i f  ( ( y o p t . e q . ' l i n ' ) . o r . ( y o p t . e q . ' L I N ' ) )  t h e n  
y o p t  =  ' L I N '
e ls e
y o p t  =  ' L O G '  
e n d  i f
c  c a l l  a d d e x t ( f n a m e , ' D A T ' )
O P E N (  1 , F I L E = F N A M E , S T A T U S - u n k n o w n ' )
W R I T E ( 1 , 2 0 ) T I T L E
W R I T E (  1 , 2 0 ) X A X I S
W R I T E ( 1 , 2 0 ) Y A X I S
W R I T E ( 1 , 2 0 ) X O P T
W R I T E ( 1 , 2 0 ) Y O P T
I N U M = 0
J S T A = 1
J E N D = 0
i = l
1 0  i n u m = i n u m + l  
i = i + l
i f  ( i n d ( i ) . n e . O )  g o t o  1 0  
w r i t e ( l , * ) i n u m  
D O  1 5 0  I = 1 , I N U M  
W R I T E ( 1 , * ) I  
W R I T E (  1 , * ) i n d ( I )
J E N D = J E N D + i n d ( I )
D O  1 6 0  J = J S T A , J E N D  
W R I T E ( 1 , * ) X ( J ) , Y ( J )
1 6 0  C O N T I N U E  
J S T A = J E N D + 1  
1 5 0  C O N T I N U E  
C L O S E ( l )
R E T U R N
E N D
(B) Monte Carlo hopping simulation program
This is the code for the M onte Carlo hopping program  gaustpc.for d iscussed in § 5.1.
C  P R O G R A M  G A U S T P C . F O R
C  T P C  S I M U L A T I O N  F O R  A  G A U S S I A N  D O S  W I T H  D I A G O N A L  
C  A N D  O F F - D I A G O N A L  D I S O R D E R  A N D  O P T I O N A L  T R A P S
I N T E G E R  M X , M  Y , M Z , M M , N  1 , M T , S T , E L T R N , H O P S , D H X  
I N T E G E R  P S T N X , P S T N Y , P S T N Z , X ( 1 0 0 ) ,  Y ( 4 0 ) , Z ( 4 0 )
I N T E G E R  S I T E X (  1 2 4 ) , S I T E  Y (  1 2 4 ) , S I T E Z (  1 2 4 ) , F D  
I N T E G E R  P O S (  1 0 0 0 ) , R E , T O E , T O E L , X D I S T ( 2 0 0 , 1 0 0 0 )
I N T E G E R  X T A R G E T , Y T A R G E T , Z T A R G E T , T P O I N T S , F L A G , N T R A P
R E A L  K , T O T , P R O B , T S U M , G A M M A (  1 6 0 0 0 0 ) ,E T I M E ( 2 0 0 , 1 0 0 0 )  
R E A L  C R N T ( 1 0 0 0 ) , T A V , A L P H A , D D , E A V , T I M E R (  1 0 0 0 ) , S T D (  1 0 0 0 )  
R E A L  d X , d Y , d Z , S S Q R , R N D , D I S , D I S A V , T I M E , E S T D ( 1 0 0 0 ) , C T R A P  
R E A L  M O B I L , F i e l d , E N E R G Y (  1 6 0 0 0 0 ) , X A V (  1 0 0 0 ) , E M E A N ( 1 0 0 0 )
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R E A L  A C C (  1 2 4 ) , N O R M (  1 2 4 ) , H O P T I M E (  1 0 0 0 ) , T A U ( 1 2 4 ) , E X P O  
R E A L  X S U M , E S U M , T E M P , t i m e S , T O T A L , N U ( 1 2 4 ) , D I F F C O E F F ( 1 0 0 0 )
P A R A M E T E R ( V h =  1 E  1 2 , E L T R N = 5 0 , A V R =  1 E - 9 , T E M P = 3 0 0 )  
P A R A M E T E R ( t i m e S = 3 . 6 7 E - 9 , K = 8 . 6 E - 5 , F i e l d = l E 6 , C T R A P = 0 . 0 )  
P A R A M E T E R ( D D = 0 . 1 , E A V = 0 . 0 , D I S = 0 . 0 , D I S  A V = 5 . 0 , R U N T I M E S  e - 1 )
C  S E T S  U P  A  R E G U L A R  3 - D  L A T T I C E
i d u m  =  - 8
01=1
D O  1 B  =  1 , 1 0 0  
X ( B )  =  B  
D 0 2 C  =  1 ,4 0  
Y ( C )  =  C  
D 0 3 D =  1 ,4 0  
Z ( D )  =  D  
3  C O N T I N U E  
2  C O N T I N U E  
1 C O N T I N U E
S E T  U P  D I S O R D E R  
S P A T I A L
D O  4  E R G  =  1 , 1 6 0 0 0 0
G A M M A ( E R G )  =  G A S D E V ( i d u m , D I S , D I S A V )  
C O N T I N U E
E N E R G E T I C
D O  5 G R E =  1 ,1 6 0 0 0 0
E N E R G Y ( G R E )  =  g a s d e v ( i d u m ,d d ,e a v )  
W R I T E ( 6 , * )  E N E R G Y ( g r e )  
C O N T I N U E
A D D S  S P E C I F I E D  D E N S I T Y  O F  D E E P  T R A P S
N T R A P  =  C T R A P *  1 6 0 0 0 0
D O  3 0  R E G  =  1 , N T R A P
G E R  =  I N T (  1 6 0 0 0 0 * R A N 3 ( i d u m ) )
E N E R G Y ( G E R )  =  g a s d e v ( i d u m , 0 . 2 , 0 . 4 )
I C O N T I N U E
D E T E R M I N E S  T R A N S I T I O N  R A T E S  T O  1 2 5  N E A R E S T  
N E I G H B O U R S  O F  O C C U P I E D  S I T E
T P O I N T S  =  0  
T S U M  =  0 .0  
H O P S  =  0  
C H A N G E  =  2 0
C  C A R R I E R  L O O P
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D O  6  R E  =  1 , E L T R N  
W R I T E ( 6 , * )  R E
F L A G = 0
N l = l
D H X = 5
F D = 1
X T A R G E T =  1
*  7  E X P O  = - L O G ( R A N 3 ( i d u m ) )
*  I F ( E X P O . G E .  1 . O R . E X P O . E Q . O ) G O  T O  7
*  X T A R G E T  =  I N T ( E X P O *  1 0 0 )
8  Y T A R G E T  =  I N T ( R A N 3 ( i d u m ) * 4 0 )
I F ( Y T A R G E T . E Q . O ) G O  T O  8
9  Z T A R G E T  =  I N T ( R A N 3 ( i d u m ) * 4 0 )
I F ( Z T A R G E T . E Q . 0 ) G O  T O  9
C  H O P  L O O P
2 1  M X  =  X T A R G E T  
M Y  =  Y T A R G E T  
M Z  =  Z T A R G E T
H O P S  =  H O P S + 1
I F ( R E . E Q . C H A N G E ) T H E N
1 5  D O  1 0  G R E  =  1 ,1 6 0 0 0 0
E N E R G Y ( G R E )  =  g a s d e v ( i d u m ,d d ,e a v )  
1 0  C O N T I N U E
D O  3 1  R G E  =  l . N T R A P  
G E R  =  I N T ( 1 6 0 0 0 0 * R A N 3 ( I D U M ) )  
E N E R G Y ( G E R )  =  g a s d e v ( i d u m , 0 . 2 , 0 . 4 )  
3 1  C O N T I N U E
C H A N G E  =  C H A N G E + 2 0
E N D  I F
D O  1 1  N =  1 , 1 0 0
d X  =  ( X ( N )  -  X ( M X ) )
I F ( d X . G T . 2 . 0 . O R . d X . L T . - 2 . 0 ) G O  T O  1 1  
D O  1 2  L M  =  1 ,4 0
d Y  =  ( Y ( L M )  -  Y ( M Y ) )  
I F ( d Y . G T . 2 . 0 . O R . d Y . L T . - 2 . 0 ) G O  T O  1 2  
D O  1 3  M L  = 1 , 4 0
d Z  =  ( Z ( M L )  -  Z ( M Z ) )
I F ( d Z . G T . 2 . 0 . O R . d Z . L T . - 2 . 0 ) G O  T O  1 3
I F ( M X . E Q . N . A N D . M Y . E Q . L M . A N D . M Z . E Q . M L ) G O  T O  1 3
S S Q R  =  S Q R T ( ( ( ( d X ) * ( d X ) )  +  ( ( d Y ) * ( d Y ) )  +  ( ( d Z ) * ( d Z ) ) ) )
S I T E X ( S )  =  X ( N )
S I T E Y ( S )  =  Y ( L M )
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S I T E Z ( S )  =  Z ( M L )
M T  =  ( ( M X - 1 ) *  1 6 0 0 ) + ( ( M Y  - 1  ) * 4 0 ) + M Z
S T  =  ( ( S I T E X ( S ) - 1 ) *  1 6 0 0 ) + ( ( S I T E  Y  ( S ) - 1 ) * 4 0 ) + S I T E Z ( S )
A L P H A  =  G A M M A ( M T ) + G A M M A ( S T )
E D I F F  =  E N E R G Y ( S T ) - E N E R G Y ( M T ) - ( F i e l d * ( S I T E X ( S ) - M X ) * A V R )
I F ( E D I F F . L E . O . O ) T H E N
N U ( S )  =  V h  *  E X P ( - A L P H A * S S Q R )
E L S E
N U ( S )  =  V h  *  E X P ( - A L P H A * S S Q R )  *  E X P ( - ( E D I F F / ( K * T E M P ) ) )
E N D I F
S  =  S +  1
1 3  C O N T I N U E  
1 2  C O N T I N U E  
1 1  C O N T I N U E
N O R M A L I S E S  T R A N S I T I O N  R A T E S  I N  R A N G E  0 - 1  A N D  F I N D S  
H O P  T I M E
P R O B  =  0  
D O  1 4  U  =  1 , S - 1
T O T  =  N U ( U )  +  P R O B  
P R O B  =  T O T  
1 4  C O N T I N U E
*  I F ( P R O B . L T . 5 0 0 0 ) G O  T O  1 5
D O  1 6  S C R  =  1 , S - 1
N O R M ( S C R )  =  N U ( S C R ) / P R O B  
3 5  R A N D  =  R A N 3 ( i d u m )
I F ( R A N D . E Q . O . O ) G O  T O  3 5  
T A U ( S C R )  =  ( - L O G ( R A N D ) ) / ( P R O B )  
1 6  C O N T I N U E
C  A C C U M U L A T E S  P R O B A B I L I T I E S
T O T A L  =  0  
D O  1 7  N I  =  1 , S - 1
A C C ( N I )  =  N O R M ( N I )  +  T O T A L  
T O T A L  =  A C C ( N I )
1 7  C O N T I N U E
C  D E T E R M I N E S  S I T E  H O P P E D  T O  A N D  T I M E  T A K E N
R N D  =  R A N 3 ( i d u m )
D O  1 8  O H  =  S - l ,  1 , - 1
I F ( R N D  . L E .  A C C ( O H )  . A N D .  R N D  . G T .  A C C ( O H - l ) ) T H E N  
P S T N X  =  S I T E X ( O H )
P S T N Y  =  S I T E Y ( O H )
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P S T N Z  =  S I T E Z ( O H )
H O P T  =  T A U ( O H )
R A T E  =  N U ( O H )
E L S E I F ( R N D  . L E .  A C C ( l )  . A N D .  R N D  . G E .  0 . 0 ) T H E N  
P S T N X  =  S I T E X ( O H )
P S T N Y  =  S I T E Y ( O H )
P S T N Z  =  S I T E Z ( O H )
H O P T  =  T A U ( O H )
R A T E  =  N U ( O H )
E L S E  
G O  T O  1 8  
E N D I F
1 8  C O N T I N U E
H O P T I M E ( R E )  =  H O P T I M E ( R E ) + H O P T
C  S T O R E S  P O S I T I O N  O F  A L L  C A R R I E R S  A T  C E R T A I N  T I M E
2 0  T I M E  =  T I M E S * N 1
I F ( T I M E . G T . R U N T I M E ) G O  T O  6
C  S A M P L E = T I M E S *  1 0 0 0 0
C  I F ( T I M E . E Q . S A M P L E ) T H E N
D O  1 9  Y I =  1 , 1 0 0
I F ( M X . E Q . Y I ) T H E N  
P O S ( Y I )  =  P O S ( Y I ) + l  
E N D I F
1 9  C O N T I N U E  
E N D I F
D E T E R M I N E S  X - D I S P L A C E M E N T  O F  C A R R I E R  F O R  
T I M E  N 1  F O R  A L L  C A R R I E R S
I F ( H O P T I M E ( R E ) . G T . T I M E ) T H E N
I F ( N 1 . L T . 4 ) T H E N
I F ( F L A G . E Q . 0 ) T H E N  
X D I S T ( F D , R E )  =  M X  
E L S E
X D I S T ( F D , R E )  =  M X + ( F L A G * 1 0 0 )  
E N D I F
T I M E R ( F D )  =  T I M E  
E T I M E ( F D , R E )  =  E N E R G Y ( M T )  
F D = F D + 1
E L S E I F ( N 1  . E Q . D H X ) T H E N
I F  ( F L  A G . E Q . 0 ) T H E N  
X D I S T ( F D , R E )  =  M X  
E L S E
X D I S T ( F D , R E )  =  M X + ( F L A G * 1 0 0 )  
E N D I F
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T I M E R ( F D )  =  T I M E  
E T I M E ( F D , R E )  =  E N E R G Y ( M T )  
F D = F D + 1
D H X  =  I N T ( D H X *  1 . 2 )
E N D I F  
N 1  = N 1 + 1  
G O  T O  2 0
E L S E
X T A R G E T  =  P S T N X  
Y T A R G E T  =  P S T N Y  
Z T A R G E T  =  P S T N Z
I F  ( X T A R G E T . E Q .  1 0 0 ) T H E N  
X T A R G E T = 1  
F L A G = F L A G + 1  
E N D I F
G O  T O  2 1
E N D I F
6  C O N T I N U E
C  C A L C U L A T E S  A V E R A G E  N O .  O F  H O P S  
H O P S  =  H O P S / E L T R N
C A L C U L A T E S  A V E R A G E  D I S P L A C E M E N T  A N D  E N E R G Y  
O F  A L L  C A R R I E R S  A F T E R  N 1  T I M E  S T E P S
D O  2 3  Y O P  =  1 , F D - 1
X S U M = 0 . 0
E S U M = 0 . 0
D O  2 4  P O Y =  1 J 5 L T R N
X S U M  =  X D I S T ( Y O P , P O Y ) + X S U M  
E S U M  =  E T I M E (  Y  O P , P O Y ) + E S U M
2 4  C O N T I N U E
X A V ( Y O P ) = X S U M / E L T R N  
E M E A N ( Y  O P ) = E S U M / E L T R N
2 3  C O N T I N U E
C  C A L C U L A T E S  E N E R G E T I C  A N D  P O S I T I O A L  V A R I A N C E  A N D
C  P O S I T I O N A L  D I F F U S I O N  C O E F F I C I E N T  A F T E R  N 1  T I M E  S T E P S
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n
n
n
C  D O  2 5  T = 1 , F D - 1
C  D O  2 6  S  =  1 , E L T R N
V A R  =  ( ( ( X D I S T ( T ,  S ) - X A  V ( T ) )  *  *  2 ) + V A R ) / E L T R N  
E V A R  =  ( ( ( E T I M E ( T , S ) - E M E A N ( T ) ) * * 2 ) + E V A R ) / E L T R N  
2 6  C O N T I N U E
C  S T D ( T )  =  V A R
C  D I F F C O E F F ( T )  =  V A R / ( 2 * T I M E R ( T ) )
C  E S T D ( T )  =  E V A R
C  2 5  C O N T I N U E
C  C A L C U L A T E S  C U R R E N T  A T  E A C H  T I M E  S T E P
D O  2 7  J H  =  1 , F D - 1
C R N T ( J H )  =  ( X A V ( J H ) *  1 , 6 0 2 E - 1 9 ) / T I M E R ( J H )  
2 7  C O N T I N U E
C  W R I T E S  F I L E  O F  C U R R E N T ( o r  m e a n  e n e r g y )  v s .  T I M E
O P E N (  1 , F I L E - G A U S T P C . D A T ' , S T A T U S - N E W ' )
D O  2 8  Q W = 1 , F D - 1
W R I T E ( 1 , * )  T I M E R ( Q W ) , E m e a n ( Q W )
2 8  C O N T I N U E  
E N D F I L E ( l )
C L O S E ( l )
C  W R I T E S  F I L E  O F  N O .  O F  C A R R I E R S  v s .  D I S P L A C E M E N T
C  O P E N ( 2 , F I L E = ' P O S . D A T ' , S T A T U S - N E W ' )
C  D O  2 9  W Q =  1 , 1 0 0  
C  W R I T E ( 2 , * )  W Q , P O S ( W Q )
C  2 9  C O N T I N U E  
C  E N D F I L E ( 2 )
C  C L O S E ( 2 )
S T O P
E N D
F U N C T I O N  G A S D E V ( i d u m , S T D , M E A N )  
R E A L  M E A N
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D A T A  I S E T / O /
I F ( I S E T . E Q . O ) T H E N  
1  V l = 2 . * R A N 3 ( i d u m ) - l  
V 2 = 2 . * R A N 3 ( i d u m ) - l  
R S Q = V 1 * * 2 + V 2 * * 2  
I F ( R S Q . G E . l . ) G 0  T O  1 
F A C = S Q R T ( - 2 . * L O G ( R S Q ) / R S Q )  
G S E T = V 1 * F A C  
G A S D E V = V 2 * F A C  
I S E T = 1  
E L S E
G A S D E V = G S E T  
I S E T = 0  
E N D  I F
G A S D E V = ( S T D * G A S D E V ) + M E A N
R E T U R N
E N D
F U N C T I O N  R A N 3 ( I D U M )
P A R A M E T E R  ( M B I G = 1 0 0 0 0 0 0 0 0 0 , M S E E D = 1 6 1 8 0 3 3 9 8 ,  M Z = 0 , F A C = l . E - 9 )  
D I M E N S I O N  M A ( 5 5 )
D A T A  I F F  / 0 /
I F ( I D U M . L T . O . O R . I F F . E Q . O ) T H E N
I F F = 1
M J = M S E E D - I A B S ( I D U M )
M J = M O D ( M J , M B I G )
M A ( 5 5 ) = M J
M K = 1
D O  1 1  1 = 1 , 5 4  
I I = M O D ( 2 1 * 1 , 5 5 )
M A ( I I ) = M K
M K = M J - M K
I F ( M K . L T . M Z ) M K = M K + M B I G
M J = M A ( I I )
1 1  C O N T I N U E  
D O  1 3  K = l , 4
D O  1 2 1 = 1 , 5 5
M A ( I ) = M A ( I ) - M A (  1 + M O D ( I + 3 0 , 5 5 ) )  
I F ( M A ( I ) . L T . M Z ) M A ( I ) = M A ( I ) + M B I G
1 2  C O N T I N U E
1 3  C O N T I N U E  
I N E X T = 0  
I N E X T P = 3 1 
I D U M = 1
E N D I F
I N E X T = I N E X T + 1 
I F ( I N E X T . E Q . 5 6 ) I N E X T = 1  
I N E X T P = I N E X T P + 1 
I F ( I N E X T P . E Q . 5 6 ) I N E X T P = 1  
M J = M A ( I N E X T ) - M A ( I N E X T P )
I F ( M J . L T . M Z ) M J = M J + M B I G
M A ( I N E X T ) = M J
R A N 3 = M J * F A C
R E T U R N
E N D
198
(C) Controller program for automated PPC measurements
This is the code for the PPC m easurem ents described in  § 6.6.6
' C o n t r o l l e r  p r o g r a m  f o r  a u t o m a t e d  P P C  m e a s u r e m e n t s
' E s t a b l i s h  c o m m u n i c a t i o n  w i t h  p e r s o n a l 4 8 8
O P E N  " \ D E V \ I E E E O U T "  F O R  O U T P U T  A S  # 1
'r e s e t  p e r s o n a l 4 8 8  
I O C T L # l , " B R E A K "
P R I N T S , " R E S E T "
'o p e n  f i l e  t o  r e a d  r e s p o n s e s  f r o m  p e r s o n a l 4 8 8  
O P E N  " Y D E V M E E E I N "  F O R  I N P U T  A S  # 2  
P R I N T #  1 , " F I L L  E R R O R "
' S E T  T I M E
T I M E S  =  " 0 0 : 0 0 : 0 0 "
I P C = 0 . 0
C P I = 0 . 0
F L A G = 0
P R I N T  " E n t e r  l e d  O N  d u r a t i o n  i n  m i n s "  
I N P U T  O N L E D  
O N L E D = ( O N L E D * 6 0 ) + 1 0 0  
O N L E D B = O N L E D + 1
P R I N T  " P r e s s  e s c  t o  q u i t "
10
S $ = I N K E Y $
I F  S $ = C H R $ ( 2 7 )  T H E N  G O T O  1 0 0
O N  T I M E R ( I O )  G O S U B  R E A D C U R R E N T
I F  T I M E R > 1 0 0  A N D  T I M E R < 1 0 1  T H E N  G O S U B  L E D O N  
I F  T I M E R > O N L E D  A N D  T I M E R < O N L E D B  T H E N  G O S U B  L E D O F F
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E N D
R E A D C U R R E N T :
' R E A D S  A M P S  O N  A U T O R A N G I N G  F R O M  K E I T H L Y  6 1 7  ( I E E E 4 8 8  A D D R E S S :  2 7 )
P R I N T # 1 , " O U T P U T  2 7 ; F 1 R 0 X "
P R I N T # 1 , " E N T E R  2 7 "
I N P U T # 2 ,  R $
N $ = M I D $ ( R $ , 5 )
N = V A L ( N $ )
I F  N > I P C  O R  N < C P I  T H E N
I P C = N + ( N / 2 )
C P I = N - ( N / 2 )
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PRINT TIMER N
F L A G = F L A G + 1  
I F  F L A G = 1  T H E N
O P E N  " P P C . D A T "  F O R  O U T P U T  A S  # 3
E L S E
O P E N  " P P C . D A T "  F O R  A P P E N D  A S  # 3  
E N D  I F
W R I T E  # 3 ,  T I M E R  ,  N
C L O S E  3  
E L S E
G O T O  1 0
E N D  I F
G O T O  1 0  
R E T U R N
L E D O N :
' S w i t c h e s  o n  L E D
P R I N T # 1 , " O U T P U T  0 7 ; X 1 0 . 7 3 V 3 0 M A "  
G O T O  1 0
R E T U R N
L E D O F F :
'S w i t c h e s  o f f  L E D
P R I N T # 1 , " O U T P U T  0 7 ; X 0 V 3 0 M A "  
G O T O  1 0
R E T U R N
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